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This Appeal Brief, filed in connection with the above captioned patent application, is 
responsive to the Final Office Action mailed on October 19, 2005. A Notice of Appeal was filed 
herein on February 21, 2006 and hence this filing is timely. Appellants hereby appeal to the 
Board of Patent Appeals and Interferences from the final rejection in this case. 

The following constitutes the Appellants' Brief on Appeal. 
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L REAL PARTY IN INTEREST 

The real party in interest is Genentech, Inc., South San Francisco, California, by an 
assignment of the parent application, U.S. Patent Application Serial No. 09/941,992 recorded 
November 1 6, 2001 , at Reel 0 1 2 1 76 and Frame 0450. 

II. RELATED APPEALS AND INTERFERENCES 

The claims pending in the current application are directed to a polypeptide referred to 
herein as "PRO290". There exists one related patent application, U.S. Patent Application Serial 
No. 09/990,437, filed November 16, 2001 (containing claims directed to nucleic acids encoding 
PRO290 polypeptides), which is also under final rejection by the same Examiner, based upon 
similar outstanding rejections. An appeal is being pursued independently and concurrently 
herewith. 



Claims 124-125 and 129-131 are in this application. 
Claims 1-123 and 126-128 have been canceled. 

Claims 124-125 and 129-131 stand rejected and Appellants appeal the rejection of these 

claims. 

A copy of the rejected claims in the present Appeal is provided as Appendix A. 

IV. STATUS OF AMENDMENTS 

All claim amendments have been entered by the Examiner. 

V. SUMMARY OF CLAIMED SUBJECT MATTER 

The invention claimed in the present application is related to an isolated polypeptide 
comprising the amino acid sequence of the polypeptide of SEQ ID NO: 33, referred to in the 
present application as "PRO290." The PRO290 gene was shown for the first time in the present 
application to be significantly amplified in human lung and colon cancers as compared to 
normal, non-cancerous human tissue controls (Example 170). This feature is specifically recited 
in Claim 124, and carried by all claims dependent from Claim 124. In addition, the invention 
also claims the amino acid sequence of the polypeptide of SEQ ID NO: 33, lacking its associated 
signal-peptide; or the amino acid sequence of the polypeptide encoded by the full-length coding 



III. 



STATUS OF CLAIMS 
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sequence of the cDNA deposited under ATCC accession number 209790 (Claims 124-126 and 
129). The invention is further directed to a chimeric polypeptide comprising one of the above 
polypeptides fused to a heterologous polypeptide (Claim 130), and to a chimeric polypeptide 
wherein the heterologous polypeptide is an epitope tag or an Fc region of an immunoglobulin 
(Claim 131). The preparation of chimeric PRO polypeptides (Claims 130 and 131), including 
those wherein the heterologous polypeptide is an epitope tag or an Fc region of an 
immunoglobulin, is set forth in the specification at page 374, lines 24 to page 375, line 9. 
Examples 140-143 and page 376, line 12 onwards describe the expression of PRO polypeptides 
t in various host cells, including E. coli, mammalian cells, yeast and Baculovirus-infected insect 
cells. 

The amino acid sequence of the native "PRO290" polypeptide and the nucleic acid 
sequence encoding this polypeptide (referred to in the present application as "DNA35680-1212") 
are shown in the present specification as SEQ ID NOs: 33 and 32, respectively, and in Figures 23 
and 22, described on pages 288, lines 33-36. The full-length PRO290 polypeptide having the 
amino acid sequence of SEQ ED NO: 33 is described in the specification at, for example, on page 
4 and pages 53-55, page 340 and the isolation of cDNA clones encoding PRO290 of SEQ ID 
NO: 33 is described in Example 12, page 410 of the specification. 

Finally, Example 170, in the specification at page 539, line 19, to page 555, line 5, sets 
forth a 'Gene Amplification assay 1 which shows that the PRO290 gene is amplified in the 
genome of certain human lung or colon cancers (see Table 9A, page 550-551). The profiles of 
various primary colon tumors used for screening the PRO polypeptide compounds of the 
invention in the gene amplification assay are summarized on Table 8, page 546 of the 
specification. 

VI. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

1. Whether Claims 124-125 and 129-131 satisfy the utility/ enablement requirement 
under 35 U.S.C. §§101/1 12, first paragraph. 
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VII. ARGUMENTS 

Summary of the Arguments 
Issue 1: Utility/ Enablement 

Appellants rely upon the gene amplification data of the PRO290 gene for patentable 
utility of the PRO290 polypeptides. This data is clearly disclosed in the instant specification in 
Example 170 which discloses that the gene encoding PRO290 showed significant amplification, 
ranging from 1.22-2.07 ACt units which corresponds to 2 1 22 -2 2 01 - fold amplification or 2.297 
fold to 4.2-fold amplification in five lung tumors and showed approximately 1.16-1.56 ACt units 
which corresponds to 2 1 16 -2 1 56 - fold amplification or 2.23 fold to 2.95-fold amplification in 
two colon tumors. Appellants have submitted, in their Response filed August 2, 2005, a 
Declaration by Dr. Audrey Goddard, which explains that a gene identified as being amplified at 
least 2-fold by the disclosed gene amplification assay in a tumor sample relative to a normal 
sample is useful as a marker for the diagnosis of cancer, and for monitoring cancer development 
and/or for measuring the efficacy of cancer therapy. Therefore, such a gene is useful as a marker 
for the diagnosis of lung or colon cancer , and for monitoring cancer development and/or for 
measuring the efficacy of cancer therapy. Appellants have also submitted, in their Response 
filed August 20, 2004, ample evidence to show that, in general, if a gene is amplified in cancer, it 
is more likely than not that the encoded protein will be expressed at an elevated level. First, the 
articles by Orntoft et aL 9 Hyman et aL, and Pollack et al collectively teach that in general gene 
amplification increases mRNA expression . Second, the Declaration of Dr. Paul Polakis, 
principal investigator of the Tumor Antigen Project of Genentech, Inc., the assignee of the 
present application, shows that, in general there is a correlation between mRNA levels and 
polypeptide levels . Third, Appellants further submit that even if there were no correlation 
between gene amplification and increased mRNA/protein expression, (which Appellants 
expressly do not concede to), a polypeptide encoded by a gene that is amplified in cancer would 
still have a specific, substantial, and credible utility. Appellants submit that, as evidenced by the 
Ashkenazi Declaration and the teachings of Hanna and Mornin (both made of record in 
Appellants 1 Response filed August 20, 2004), simultaneous testing of gene amplification and 
gene product over-expression enables more accurate tumor classification , even if the gene- 
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product, the protein, is not over-expressed. This leads to better determination of a suitable 
therapy for the tumor, as demonstrated by a real-world example of the breast cancer marker 
HER-2/neu. Appellants further note that the sale of gene expression chips to measure mRNA 
levels is a highly successful business, with a company such as Affymetrix recording 168.3 
million dollars in sales of their GeneChip arrays in 2004. Clearly, the research community 
believes that the information obtained from these chips is useful (i.e., that it is more likely than 
not informative of the protein level). Therefore, as a general rule, one skilled in the art would 
find it more likely than not that PRO290 and its antibodies are useful as a diagnostic tools for 
detecting lung or colon tumors. 

The Examiner contends on page 3 of the Final Office Action mailed October 19, 2005 
based on the Sen and Hittelman references that "the preliminary data were not supported by 
analysis of mRNA or protein expression, for example. Thus, the data do not support the implicit 
assertion that PRO290 polynucleotide or polypeptide can be used as a cancer diagnostic." The 
Examiner further maintains the rejection based on previously cited references Pennica et al, 
Konopka et al, Hu et al and Haynes et al and newly cited references Lian et ai, Fessler et al, 
and Chen et al The Examiner does not find the Goddard Declaration persuasive and adds that 
"neither Livak et al nor Heid et al appear to indicate that an approximately 2-fold amplification 
of genomic DNA is significant in tumors" (page 9 of the Final Office action dated October 19, 
2005, line 7 onwards). 

Appellants submit that the teachings of the Examiner's cited references do not 
conclusively establish a prima facie case for lack of utility because the references are, either not 
contrary to the Appellants' arguments, or, actually lend support to the Appellants' position, or 
are not applicable to the present application due to limitations in the study, as is discussed in 
detail below. Appellants add that while the literature indicates that some references demonstrate 
a positive correlation between mRNA expression and protein levels, while some show no 
correlation, there are more cases in literature that show a positive correlation than not . 

In particular, contrary to the Examiner's interpretation, the data of Hayries et al (see 
Figure 1) and Chen et al (see Tables I and II of the paper) suggest that a positive correlation 
does exist between gene and protein expression. In addition, the teachings of Hu et al, Lian et al 
and Fessler et al do not show a lack of correlation between mRNA and protein expression for 
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genes in general . In fact, these cited references make clear references to various limitations in 
their studies and to their conclusions that were drawn by excluding certain data points. 
Appellants respectfully submit that such conclusions cannot be used to validate the Examiner's 
conclusions regarding the correlation between gene and mRNA/ protein expression in general . 
Since the Examiner has not cited evidence that clearly addresses gene and mRNA/ protein 
expression in general a prima facie case for lack of utility has not been made. Appellants further 
submit that, even if the amplification of the PRO290 gene were due to aneuploidy (which 
Appellants expressly do not concede with), the art exemplified by the Hittelman et al reference 
still supports the Appellants' position because it still provides utility for the PRO290 gene, at 
least as a marker for cancer or precancerous cells or damaged tissue . Accordingly, the PRO290 
gene finds utility as a diagnostic for cancer or for individuals at risk for developing lung or colon 
cancer. 

On the other hand, Appellants have submitted ample evidence to show that in general, if 
a gene is amplified in cancer, it is more likely than not that the encoded protein will be expressed 
at an elevated level. First, the articles by Orntoft et al, Hyman et al, and Pollack et al. (made of 
record in Appellants' Response filed August 20, 2004) collectively teach that in general gene 
amplification increases mRNA expression . Second, the Declaration of Dr. Paul Polakis (made of 
record in Appellants' Response filed August 20, 2004), principal investigator of the Tumor 
Antigen Project of Genentech, Inc., the assignee of the present application, shows that, in 
general there is a correlation between mRNA levels and polypeptide levels . Appellants further 
note that the sale of gene expression chips to measure mRNA levels is a highly successful 
business, with a company such as Affymetrix recording 168.3 million dollars in sales of their 
GeneChip arrays in 2004. Clearly, the research community believes that the information 
obtained from these chips is useful (i.e., that it is more likely than not informative of the protein 
level). 

Taken together, although there are some examples in the scientific art that do not fit 
within the central dogma of molecular biology that there is generally a positive correlation 
between DNA, mRNA, and polypeptide levels, in general, i n the majority of amplified genes , as 
exemplified by the teachings of Orntoft et al, Hyman et al, Pollack et al, the Polakis 
Declaration, the art overwhelmingly show that gene amplification influences gene expression at 
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the mRNA and protein levels . The widespread, art accepted use of information obtained from 
array chips for detecting diagnostic markers lend further support that in general, one of skill in 
the art would reasonably expect in this instance, based on the amplification data for the PRO290 
gene, that the PRO290 polypeptide is concomitantly overexpressed and has utility in the 
diagnosis of lung or colon cancer or for individuals at risk for developing lung or colon cancer. 

Accordingly, Appellants submit that when the proper legal standard is applied, one 
should reach the conclusion that the present application discloses at least one patentable utility 
for the claimed PRO290 polypeptides and would also understand how to make and use the 
recited polypeptides for the diagnosis of lung or colon cancer without any undue 
experimentation. 

These arguments are all discussed in further detail below under the appropriate headings. 
Response to Rejections 

ISSUE L Claims 124-125 and 129-131 are Supported by a Credible, Specific and 
Substantial Asserted Utility, and Meet the Utility Requirement of 35 U.S.C. §§101/112, 
First Paragraph 

The sole basis for the Examiner's rejection of Claims 124-125 and 129-131 under this 
section is that the data presented in Example 170 of the present specification is allegedly 
insufficient to establish a patentable utility under 35 U.S.C. §101 for the presently claimed 
subject matter. 

Claims 124-125 and 129-131 stand further rejected under 35 U.S.C. §112, first paragraph, 
allegedly "since the claimed invention is not supported by either a specific and substantial asserted 
utility or a well established utility for the reasons set forth above, one skilled in the art clearly would 
not know how to use the claimed invention." 

Appellants strongly disagree and, therefore, respectfully traverse the rejection. 
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A. The Legal Standard For Utility Under 35 U.S.C. §101 

According to 35 U.S.C. §101: 

Whoever invents or discovers any new and useful process, machine, manufacture, 
or composition of matter, or any new and useful improvement thereof, may obtain 
a patent therefor, subject to the conditions and requirements of this title. 
(Emphasis added). 

In interpreting the utility requirement, in Brenner v. Manson, the Supreme Court held 
that the quid pro quo contemplated by the U.S. Constitution between the public interest and the 
interest of the inventors required that a patent Applicant disclose a "substantial utility" for his or 
her invention, Le., a utility "where specific benefit exists in currently available form," The 
Court concluded that "a patent is not a hunting license. It is not a reward for the search, but 
compensation for its successful conclusion. A patent system must be related to the world of 

commerce rather than the realm of philosophy." 3 

4 

Later, in Nelson v. Bowler, the C.C.P.A. acknowledged that tests evidencing 
pharmacological activity of a compound may establish practical utility, even though they may 
not establish a specific therapeutic use. The Court held that "since it is crucial to provide 
researchers with an incentive to disclose pharmaceutical activities in as many compounds as 
possible, we conclude adequate proof of any such activity constitutes a showing of practical 

utility." 5 

In Cross v. lizuka, 6 the C.A.F.C. reaffirmed Nelson, and added that in vitro results might 
be sufficient to support practical utility, explaining that "in vitro testing, in general, is relatively 



Brenner v. Manson, 383 U.S. 519, 148 U.S.P.Q. (BNA) 689 (1966); 



2 



Id. at 534, 148 U.S.P.Q. (BNA) at 695. 



3 



Id at 536, 148 U.S.P.Q. (BNA) at 696. 



4 



Nelson v. Bowler, 626 F.2d 853, 206 U.S.P.Q. (BNA) 881 (C.C.P.A. 1980). 



5 



Id at 856, 206 U.S.P.Q. (BNA) at 883. 



6 



Cross v. lizuka, 753 F.2d 1047, 224 U.S.P.Q. (BNA) 739 (Fed. Cir. 1985). 
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less complex, less time consuming, and less expensive than in vivo testing.. Moreover, in vitro 
results with the particular pharmacological activity are generally predictive of in vivo test results, 

i.e. there is a reasonable correlation there between." 7 The Court perceived, "No insurmountable 
difficulty" in finding that, under appropriate circumstances, "in vitro testing, may establish a 

8 

practical utility." 

The case law has also clearly established that Appellants 1 statements of utility are usually 

9 

sufficient, unless such statement of utility is unbelievable on its face. The PTO has the initial 

10 

burden to prove that Appellants' claims of usefulness are not believable on their face. In 
general, an Appellant's assertion of utility creates a presumption of utility that will be sufficient 
to satisfy the utility requirement of 35 U.S.C. §101, "unless there is a reason for one skilled in 

It 12 

the art to question the objective truth of the statement of utility or its scope." ' 

Compliance with 35 U.S.C. §101 is a question of fact.° The evidentiary standard to be 
used throughout ex parte examination in setting forth a rejection is a preponderance of the 

14 

totality of the evidence under consideration. Thus, to overcome the presumption of truth that 
an assertion of utility by the Appellant enjoys, the Examiner must establish that it is more likely 

7 Id. at 1050, 224 U.S.P.Q. (BNA) at 747. 



9 In re Gazave, 379 F.2d 973, 154 U.S.P.Q. (BNA) 92 (C.C.P.A. 1967). 



U In re hanger, 503 F.2d 1380,1391, 183 U.S.P.Q. (BNA) 288, 297 (C.C.P.A. 1974). 

12 See also. In reJolles, 628 F.2d 1322, 206 U.S.P.Q. 885 (C.C.P.A. 1980); In re Irons, 
340 F.2d 974, 144 U.S.P.Q. 351 (1965); In re Sichert, 566 F.2dll54, 1159, 196 U.S.P.Q. 209, 
212-13 (C.C.P.A. 1977). 

13 Raytheon v. Roper, 724 F.2d 951, 956, 220 U.S.P.Q. (BNA) 592, 596 (Fed. Cir. 1983) 
cert, denied, 469 US 835 (1984). 

14 In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d (BNA) 1443, 1444 (Fed. Cir. 

1992). 
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than not that one of ordinary skill in the art would doubt the truth of the statement of utility. 
Only after the Examiner made a proper prima facie showing of lack of utility, does the burden of 
rebuttal shift to the Appellant. The issue will then be decided on the totality of evidence. 

The well established case law is clearly reflected in the Utility Examination Guidelines 
("Utility Guidelines")/ 5 which acknowledge that an invention complies with the utility 
requirement of 35 U.S.C. §101, if it has at least one asserted "specific, substantial, and credible 
utility" or a "well-established utility." Under the Utility Guidelines, a utility is "specific" when 
it is particular to the subject matter claimed. For example, it is generally not enough to state that 
a nucleic acid is useful as a diagnostic without also identifying the conditions that are to be 
diagnosed. 

In explaining the "substantial utility" standard, M.P.E.P. §2107.01 cautions, however, 
that Office personnel must be careful not to interpret the phrase "immediate benefit to the 
public" or similar formulations used in certain court decisions to mean that products or services 
based on thq claimed invention must be "currently available" to the public in order to satisfy the 
utility requirement. "Rather, any reasonable use that an applicant has identified for the invention 
that can be viewed as providing a public benefit should be accepted as sufficient, at least with 
regard to defining a 'substantial' utility." 16 Indeed, the Guidelines for Examination of 
Applications for Compliance With the Utility Requirement, 17 gives the following instruction to 
patent examiners: "If the Applicant has asserted that the claimed invention is useful for any 
particular practical purpose . . . and the assertion would be considered credible by a person of 
ordinary skill in the art, do not impose a rejection based on lack of utility." 

B. Proper Application of the Legal Standard 

Appellants submit that the evidentiary standard to be used throughout ex parte 
examination of a patent application is a preponderance of the totality of the evidence under 

15 66 Fed. Reg. 1092(2001). 

16 M.P.E.P. §2107.01. 

17 M.P.E.P. §2107 11(B)(1). 
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consideration. Thus, to overcome the presumption of truth that an assertion of utility by the 
Appellant enjoys, the Examiner must establish that it is more likely than not that one of ordinary 
skill in the art would doubt the truth of the statement of utility. Only after the Examiner has 
made a proper prima facie showing of lack of utility, does the burden of rebuttal shift to the 
Appellant. 

Appellants respectfully submit that the data presented in Example 170 starting on 
page 539 of the specification of the specification and the cumulative evidence of record, which 
underlies the current dispute, indeed support a "specific, substantial and credible" asserted utility 
for the presently claimed invention. 

Patentable utility for the PRO290 polypeptides and its antibodies is based upon the gene 
amplification data for the gene encoding the PRO290 polypeptide. Example 170 describes the 
results obtained using a very well-known and routinely employed polymerase chain reaction 
(PCR)-based assay, the TaqMan™ PCR assay, also referred to herein as the gene amplification 
assay. This assay allows one to quantitatively measure the level of gene amplification in a given 
sample, say, a tumor extract, or a cell line. It was well known in the art at the time the invention 
was made that gene amplification is an essential mechanism for oncogene activation. Appellants 
isolated genomic DNA from a variety of primary cancers and cancer cell lines that are listed in 
Table 9 (pages 539 onwards of the specification), including primary colon cancers of the type 
and stage indicated in Table 8 (page 546). The tumor samples were tested in triplicates with 
Taqman™ primers and with internal controls, beta-actin and GADPH in order to quantitatively 
compare DNA levels between samples (page 548, lines 33-34). As a negative control, DNA was 
isolated from the cells of ten normal healthy individuals, which was pooled and used as a control 
(page 539, lines 27-29) and also, no-template controls (page 548, lines 33-34). The results of 
TaqMan™ PCR are reported in ACt units, as explained in the passage on page 539, lines 37-39. 
One unit corresponds to one PCR cycle or approximately a 2-fold amplification, relative to 
control, two units correspond to 4-fold, 3 units to 8-fold amplification and so on. Using this 
PCR-based assay, Appellants showed that the gene encoding for PRO290 was amplified, that is, 
it showed approximately 1.22-2.07 ACt units which corresponds to 2 1 22 -2 2 07 - fold amplification 
or 2.297 fold to 4.2-fold amplification in five lung tumors and showed approximately 1.16-1.56 
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ACt units which corresponds to 2 l 16 -2 1 56 - fold amplification or 2.23 fold to 2.95-fold 

amplification in two colon tumors 

Appellants point out that the Declaration by Dr. Audrey Goddard provides a statement by 

an expert in the relevant art that "fold amplification" values of at least 2-fold are considered 

significant in the TaqMan™ PCR gene amplification assay. Appellants particularly draw the 

Board's attention to page 3 of the Goddard Declaration which clearly states that: 

' It is further my considered scientific opinion that an at least 2-fold increase in 
gene copy number in a tumor tissue sample relative to a normal (i.e., non- tumor) 
sample is significant and useful in that the detected increase in gene copy number 
in the tumor sample relative to the normal sample serves as a basis for using 
relative gene copy number as quantitated by the TaqMan PCR technique as a 
diagnostic marker for the presence or absence of tumor in a tissue sample of 
unknown pathology. Accordingly, a gene identified as being amplified at least 2- 
fold by the quantitative TaqMan PCR assay in a tumor sample relative to a normal 
sample is useful as a marker for the diagnosis of cancer, for monitoring cancer 
development and/or for measuring the efficacy of cancer therapy. (Emphasis 
added). 

Accordingly, the 2.297 fold to 4.2-fold amplification in five lung tumors and 2.23 fold to 
2.95-fold amplification in two colon tumors would be considered significant and credible by one 
skilled in the art, based upon the facts disclosed in the Goddard Declaration. As any skilled 
artisan in the field of oncology would easily appreciate that this gene is a good candidate marker 
for diagnosing lung or colon tumors and would clearly find utility for the PRO290 gene as a 
diagnostic for lung or colon cancer or for diagnosing individuals at risk for developing lung or 
colon cancer. 

However, the Examiner does not find the Goddard Declaration persuasive and adds that 
"neither Livak et ah nor Heid et ah appear to indicate that an approximately 2-fold amplification 
of genomic DNA is significant in tumors" (page 9 of the Final Office action dated October 19, 
2005, line 7 onwards). Appellants disagree for the reasons discussed below. 



Livak et ah and Heid et aL 

These references were cited in the Goddard Declaration to show that quantitative 
TaqMan PCR assay is a well-known and widely used assay in the art for studying gene 
amplification in various cancers. For instance, the Goddard declaration clearly says that: 
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"the quantitative TaqMan PCR assay is exemplified by the following scientific 
publications: Pennica et al, Proc. Natl. Acad. Sci. USA 95(25):14717-14722 (1998) 
(Exhibit E); Pitti et al, Nature 396(6712):699-703 (1998) (Exhibit F) and Bieche et al, 
Int. J. Cancer 78:661-666 (1998) (Exhibit G), the first two of which I am co-author. In 
particular, Pennica et al have used the quantitative TaqMan PCR assay to study relative 
gene amplification of WISP and c-myc in various cell lines, colorectal tumors and normal 
mucosa. Pitti et al studied the genomic amplification of a decoy receptor for Fas ligand 
in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche et al used 
the assay to study gene amplification in breast cancer." 

Therefore, Dr. Goddard did not rely on the above mentioned references for determining 
whether "a 2-fold amplification is significant." The Examiner has misrepresented of the actual 
purpose for presenting these references in the Goddard Declaration. Instead, the opinions 
expressed in the Goddard Declaration regarding the significance of the 2-fold amplification is 
based on Dr. Goddard's own scientific experience and factual findings. By making this 
rejection, the Examiner seems to disregard the expert's opinion based on her own personal 
disagreement over the significance or meaning of the facts offered, without solid support or 
scientific showing for her opinion(s). Appellants respectfully remind the Examiner that the 
Utility Examination Guidelines (Part IIB, 66 Fed. Reg. 1098 (2001)) which states, "Office 
personnel must accept an opinion from a qualified expert that is based upon relevant facts whose 
accuracy is not being questioned; it is improper to disregard the opinion solely because of a 
disagreement over the significance or meaning of the facts offered" (emphasis added). 
Therefore, barring solid scientific evidence from the art as that show why a 2-fold amplification 
of DNA in the TaqMan PCR assay would not be considered significant by one skilled in the art, 
the basis for this utility rejection is flawed and is inappropriate. 

The Examiner contends on page 3 of the Final Office Action mailed October 19, 2005 
based on the Sen and Hittelman references that "the preliminary data were not supported by 
analysis of mRNA or protein expression, for example. Thus, the data do not support the implicit 
assertion that PRO290 polynucleotide or polypeptide can be used as a cancer diagnostic." 
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C. A prima facie case of lack of utility has not been established 
Sen et al. and Hittelman 

Appellants submit that even if the observed gene amplification for PRO290 were due to 
aneuploidy (which Appellants do not concede to), since aneuploidy itself is associated with early 
detection of cancer, the PRO290 gene would still be useful as a biomarker. This view is 
supported by the teachings of Sen and Hittelman. Appellants agree that while aneuploidy can be 
a feature of damaged tissue, besides cancerous or pre-cancerous tissue, and may not invariably 
lead to cancer, Sen et al support the Appellants' position. In other words, Sen supports the 
notion that aneuploidy may be used as a feature to identify either cancerous or pre-cancerous . 
tissue or damaged tissue. For example, Sen et al discloses in the abstract, "lines of evidence 
now make a compelling case for aneuploidy being a discrete chromosome mutation event that 
contributes to malignant transformation and progression process " (emphasis added; see page 82, 
line 4). Sen adds on page 83, "in colorectal tumors, chromosome aneuploidy is a common 
occurrence"; and further on page 84, line 5, "(i)n clinical settings, DNA ploidy measurements 
have revealed that DNA aneuploidy indicates high risk of developing severe premalignant 
changes in patients with ulcerative colitis, who are known to have an increased risk of 
developing colorectal cancer" and also on page 84, line 29 "in addition to being implicated in 
tumorigenesis and correlated with distinct tumor phenotypes, chromosome aneuploidy has been 
used as a marker of risk assessment and prognosis in several other cancers (emphasis added)." 
Sen indicates throughout the article, several instances where aneuploidy is associated with many 
cancers, including, renal tumors, colorectal tumors, esophageal adenocarcinomas, papillary 
thyroid carcinomas, human breast cancer, cervical intraepithelial neoplasia, myeloid leukemia, 
etc. Therefore, in fact, according to Sen, even if the amplification observed for PRO290 were 
due to aneuploidy (which Appellants do not concede to), the PRO290 gene can at least be a 
marker for cancerous or pre-cancerous tissue or damaged tissue. 

Appellants further submit that the art shows that "epithelial tumors develop through a 
multistep process driven by genetic instability" in damaged lesions. Appellants note the title of 
the Hittelman paper is "Genetic Instabilities in Epithelial Tissues at Risk for Cancer." Hittelman 
studied lung tissue from chronic smokers, which had been exposed for years to carcinogenic 
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tobacco smoke. As Hittelman explains, "[t]umors of the aerodigestive tract have been proposed 
to reflect a Tield cancerization' process whereby the whole tissue is exposed to carcinogenic 
insult (e.g., tobacco smoke) and is at increased risk for multistep tumor development (page 3). 
The detection of increases in chromosome number therefore identifies cells which have begun 
the first steps in this multistep progression to cancer. Even if these particular epithelial regions 
are not yet cancerous, their presence is strongly correlated with the development of cancer in the 
target tissue as a whole. Hittelman concludes that "the measurement of chromosome 
instability in the target tissue will be useful in assessing cancer risk as well as response to 
intervention" (page 10; emphasis added). Hittelman clearly teaches on page 2, fourth paragraph, 
line 3 that "it is important to identify individuals at significantly increased cancer risk who 
might best benefit from different types of intervention(emphasis added)." However, the 
Examiner indicates that, that 'a marker is useful for precancerous or damaged lung epithelium' is 
not available in the Appellants' specification as filed. Appellants point out that, this point was 
well-established in the prior art , at the effective date of filing of this application, contrary to what 
the Examiner contends. Appellants submit that there was a shift towards detecting pre-malignant 
and early-malignant lesions of lung and associating aneuploidy, precancerous lung or damaged 
lung epithelium and early lung cancer detection in the prior art. For instance, it was known that 
lung cancer was the end-stage of multi-step carcinogenesis, and in most cases, was driven by 
genetic and epigenetic damage caused by chronic exposure to tobacco carcinogens. It was also 
known that preneoplastic cells contained several molecular genetic abnormalities identical to 
those found in overt lung cancer cells, and well before the effective filing date of June 23, 1999 
of the present application, the therapeutic paradigm and focus had already shifted from targeting 
only clinically verified lung cancer toward targeting pre-malignant and early-malignant lesions. 
Furthermore, the prospects of lung cancer screening had become more meaningful as a 
consequence of developments in biology and radiology and better possibilities to define high risk 
populations most suitable for lung cancer screening. Articles in lung cancer and early- lung 
cancer detection published around and before July 9, 1998 collectively lent support to the view 
that it was important to detect, diagnosis and treat early lung cancer. Therefore, one skilled in the 
art of oncology, at the effective date of filing of the instant application, would have known, based on 
the teachings of the instant specification and the well-established art in the lung cancer, how to 
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make and use the instant PRO290 gene for the diagnosis of certain lung cancers, without undue 
experimentation. 

The Examiner argues based on Pennica et al, Konopka et al and Haynes et al that "the 
data pertaining to gene amplification do not convey utility to the claimed polypeptides, since a 
small amplification in genomic DNA is shown in the art to fail to correlate with a corresponding 
increase in mRNA and polypeptide levels (see Pennica et al, Konopka et al, Haynes et al, Lian 
et al, Fessler et al, and Hu et al" (Page 8, line 9-12 of the Final Office Action mailed October 
19, 2005). Appellants respectfully disagree for the reasons discussed below. 

Pennica et al* Konopka et al and Haynes et al. 

Appellants respectfully submit that, contrary to the Examiner's assertion, none of the 
cited reference conclusively establish a prima facie 'case for lack of utility for the PRO290 
molecule. For instance, the teachings of Pennica et al are specific to WISP genes, a specific 
class of closely related molecules. Pennica et al showed that there was good correlation 
between DNA and mRNA expression levels for the WISP-1 gene but not for WISP-2 and WISP- 
3 genes. But, the fact that in the case of closely related molecules, there seemed to be no 
correlation between gene amplification and the level of mRNA/protein expression does not 
establish that it is more likely than not, in general, that such correlation does not exist. As 
discussed above, the standard is not absolute certainty . Pennica et al has no teaching 
whatsoever about the correlation of gene amplification and protein expression for genes in 
general . Similarly, in Konopka et al, Appellants submit that the Examiner has generalized a 
very specific result disclosed by Konopka et al to cover all genes. Konopka et al actually state 
that "[p]rotein expression is not related to amplification of the abl gene but to variation in the 
level of bcr-abl mRNA produced from a single Ph 1 template." (See Konopka et al ., Abstract, 
emphasis added). The paper does not teach anything whatsoever about the correlation of protein 
expression and gene amplification in general and provides no basis for the generalization that 
apparently underlies the present rejection. The statement of Konopka et al that "[p]rotein 
expression is not related to amplification of the abl gene ..." is not sufficient to establish a 
prima facie case of lack of utility. Therefore, the combined teachings of Pennica et al and 
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Konopka et al are not directed towards genes in general but to a single gene or genes within a 
single family and thus, their teachings cannot support a general conclusion regarding correlation 
between gene amplification and mRNA or protein levels. 

Actually, the cited reference Haynes et al, showed that " there was a general trend, 
although no strong correlation between protein [expression] and transcript levels." (see Figure 1 
and page 1863, paragraph 2.1, last line). Therefore, when the proper legal standard is used, 
Haynes clearly supports the Appellants 1 position. This is all that's needed to meet the "more 
likely than not" evidentiary standard. Again, accurate prediction is not the standard . Therefore, 
a prima facie case of lack of utility has not been met based on the cited references Pennica et al, 
Konopka et al and Haynes et al 

Hu et al 

Further, Appellants respectfully submit that, contrary to the Examiner's assertion, the 
cited Hu et al reference does not conclusively establish a prima facie case for lack of utility for 
the PRO290 molecule. The Hu et al reference is entitled "Analysis of Genomic and Proteomic 
Data using Advanced Literature Mining" (emphasis added). Therefore, as the title itself 
suggests, the conclusions in this reference are based upon statistical analysis of information 
obtained from published literature, and not from experimental data. Hu et al performed 
statistical analysis to provide evidence for a relationship between mRNA expression and 
biological function of a given molecule (as in disease). The conclusions of Hu et al however, 
only apply to a specific type of breast tumor (estrogen receptor (ER)-positive breast tumor) and 
cannot be generalized to breast cancer genes in general, let alone to cancer genes in general. 
Interestingly, the observed correlation was only found among ER-positive (breast) tumors not 
ER-negative tumors." (See page 412, left column). 

Moreover, the analytical methods utilized by Hu et al have certain statistical drawbacks, 
as the authors themselves admit. For instance, according to Hu et al, "different statistical 
methods" were applied to "estimate the strength of gene-disease relationships and evaluated the 
results." (See page 406, left column, emphasis added). Using these different statistical methods, 
Hu et al "[a]ssessed the relative strengths of gene-disease relationships based on the frequency 
of both co-citation and single citation " (See page 41 1, left column). As is well known in the 
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art, different statistical methods allow different variables to be manipulated to affect the resulting 
outcome. In this regard, the authors disclose that, "Initial attempts to search the literature " using 
the list of genes, gene names, gene symbols, and frequently used synonyms generated by the 
authors "revealed several sources of false positives and false negatives." (See page 406, right 
column). The authors add that the false positives caused by "duplicative and unrelated meanings 
for the term" were "difficult to manage." Therefore, in order to minimize such false positives, 
Hu et al disclose that these terms "had to be eliminated entirely, thereby reducing the false 
positive rate but unavoidably under-representing some genes." Id. (Emphasis added). Hence, 
Hu et al had to manipulate certain aspects of the input data, in order to generate, in their opinion, 
meaningful results. Further, because the frequency of citation for a given molecule and its 
relationship to disease only reflects the current research interest of a molecule, and not the true 
biological function of the molecule, as the authors themselves acknowledge, the "[Relationship 
established by frequency of co-citation do not necessarily represent a true biological link." (See 
page 41 1, right column). Therefore, based on these findings, the authors add, "[t]his may reflect 
a bias in the literature to study the more prevalent type of tumor in the population. Furthermore, 
this emphasizes that caution must be taken when interpreting experiments that may contain 
subpopulations that behave very differently." Id. (Emphasis added). In other words, some 
molecules may have been underrepresented merely because they were less frequently cited or 
studied in literature compared to other more well-cited or studied genes. Therefore, Hu et al 's 
conclusions are not based on genes/mRNA in general 

Therefore, Appellants submit that, based on the nature of the statistical analysis 
performed herein, and in particular, based on Hu's analysis of one class of genes, namely, the 
estrogen receptor (ER)-positive breast tumor genes, the conclusions drawn by the Examiner, 
namely that, "genes displaying a 5-fold change or less (mRNA expression) in tumors compared 
to normal showed no evidence of a correlation between altered gene expression and a known role 
in the disease (in general)" is not reliably supported. 
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Lian et a/», Fessler et aL and Chen et aL 

The Examiner cited new references by Lian et aL, Fessler et aL and Chen et ah in support 
of her interpretation that protein levels cannot be accurately predicted from the level of the 
corresponding mRNA transcript. 

Appellants respectfully submit that Lian et aL only teach that protein expression may not 
correlate mRNA level in differentiating myeloid cells and does not teach anything of such a lack 
of correlation for genes in general . In fact, the authors themselves admit that there were a 
number of problems with their data . For instance, at page 520 of this article, the authors 
explicitly express their concerns regarding the methods they utilized and the interpretation of 
their data stating that " |Y|hese data must be considered with several caveats: membrane and other 
hydrophobic proteins and very basic proteins are not well displayed by the standard 2DE 
approach, and proteins presented at low level will be missed. In addition, to simplify MS 
anlysis, we used a Coomassie dye stain rather than silver to visualize proteins, and this decreased 
the sensitivity of detection of minor proteins. " (Emphasis added). Appellants submit, as is well- 
known in the art, the Coomassie dye staining method is a very insensitive method of measuring 
protein. Therefore, the conclusions based on such measurements would hardly be considered 
accurate by the skilled artisan, or at least, would not be extrapolated to generally reflect the gene: 
mRNA/ protein relationships for proteins in general. Therefore, even if the teachings of Lian et 
aL reflects a lack of correlation between the genes and mRNA/ proteins in differentiating 
myeloid cells (which Appellants submit is not a representative sample of genes in general since 
only certain genes are expressed during differentiation), their conclusions are based on a widely 
accepted, insensitive method for protein staining, namely, the Coomassie dye staining, which 
cannot be applied to genes in general. 

Similarly, in Fessler et aL, Appellants submit that the PTO has overlooked a number of 
limitations in their, which the authors themselves acknowledge. For instance, Fessler et aL only 
examined lipopoysaccharide-activated neutrophilins, so, as with Lian et aL, only examined the 
expression level of a few proteins/RNAs in response to LPS stimulation. Fessler et aL also 
concede that, since they used the Coomassie Blue dye staining method, which is known to have a 
limited protein binding range and a non-linear curve for protein detection, the resulting image 
analysis of the Coomassie Blue-stained proteins ought to be considered as semi-quantitative only 
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(see page 3 1301, col. 1). Further, Fessler et ah submit that protein identification in their study 
was done using two-dimensional PAGE but admit that the analysis was limited only to well- 
resolved regions of the gel , which Fessler et ah explicitly concede, tends to select for more 
abundant protein species and therefore, may have performed less well with hydrophobic and high 
molecular weight proteins (see page 31301, col. 1). In addition, the Fessler et ah paper also 
indicates that the harvesting of the LPS-incubated PMNs at 4 hours may have prevented the 
detection of early, transiently appearing proteins, and that the process of post-LPS incubation 
and pre-two-dimensional PAGE cell washes would expectedly remove secreted proteins from 
further analysis, perhaps contributing to the observed transcript-protein discordance. Therefore, 
the Fessler et ah reference explains the reasons for their transcript-protein discordance and like 
the Lian et ah reference, cannot be relied upon to make a general proposition that protein levels 
cannot be accurately predicted from mRNA levels. 

In addition, as discussed above with Fessler et ah, Chen et ah also concede that there are 
problems with 2D gel protein detection and therefore, cannot accurately predict protein levels. 
For instance, Chen et ah says that, "(i)t is apparent that without prior enrichment only a 
relatively small and highly selected population of long-lived, highly expressed proteins is 
observed. There are many more proteins in a given cell which are not visualized by such 
methods. Frequently it is the low abundance proteins that execute key regulatory functions " 
(page 1870, col. 1). Thus, Chen et ah, concede that by selecting proteins visualized by 2D gels, 
they are likely to have excluded in their analysis many key regulatory proteins which could be 
candidate cancer markers. 

However, the analysis provided by Chen et ah in fact support the Appellants general 
proposition that, even if protein levels cannot be accurately predicted (which is not required by 
the utility standard), in the majority of the proteins studied, it is most likely than not that an 
increase in gene amplification or mRNA levels generally correlates well with increased protein 
levels. A review of the correlation coefficient data presented in the Chen et ah paper indicates 
that, for instance, in Table 1, which lists 66 genes [the paper incorrectly states there are 69 genes 
listed] for which only one protein isoform is expressed, shows that 40 genes out of 66 had a 
positive correlation between mRNA expression and protein expression . This data clearly meets 
the standard for "more likely than not". Similarly, in Table II , 30 genes with multiple isoforms 
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[again the paper incorrectly states there are 29] were presented. In this case, in 22 genes out of 
30, at least one isoform showed a positive correlation between mRNA expression and protein 
expression. Furthermore, 12 genes out of 29 showed a strong positive correlation [as determined 
by the authors] for at least one isoform. No genes showed a significant negative correlation. 
Thus, Table II of Chen et al also provides that it is more likely than not that protein levels will 
correlate with mRNA expression levels. In fact, the same authors in Chen et al 9 published a 
latter paper which described the expression of genes in adenocarcinomas as compared to protein 
expression. They observed that "these results suggest that the oligonucleotide microarrays 
provided reliable measures of gene expression" (pg 317) and further stated that "these studies 
indicate that many of the genes identified using gene expression profiles are likely relevant to 
lung adenocarcinoma." Therefore, the authors of the Chen paper clearly agreed that microarrays 
provided a reliable measure of the expression levels of the gene and could be used to identify 
genes whose overexpression is associated with tumors. 

In summary, Hu et al, Lian et al and Fessler et al do not conclusively teach that, in 
general, protein levels cannot be accurately predicted from mRNA/ gene amplification levels. 
These authors concede that either due to insensitive protein detection methods or due their 
methodologies utilized in their protocols, some protein species may have been underrepresented 
over others. Therefore, the teachings of these references cannot be relied upon to establish a 
prima facie showing of lack of utility. On the other hand, as noted even in Haynes et al and 
Chen et al, most genes showed a positive correlation between increased gene amplification, 
mRNA and translated protein. 

Appellants once again remind the Examiner that only after the Examiner has made a 
proper prima facie showing of lack of utility, does the burden of rebuttal shift to the Appellant. 
Based on the above discussions, such a showing has not been made in this instance. 
Accordingly, the instant rejection should be withdrawn for the Examiner's lack of establishment 
of a prima facie showing. 

D. The Gene Amplification Data Establishes Credible, Substantial and Specific 
Patentable Utility for the PRO290 Polypeptide and its antibodies 

In fact, as discussed throughout prosecution, Appellants submit that Example 170 of the 

specification further discloses that, "(a)mplification is associated with overexpression of the gene 
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product, indicating that the polypeptides are useful targets for therapeutic intervention in certain 
cancers such as lung, colon, breast and other cancers and diagnostic determination of the 
presence of those cancers" (Emphasis added). Appellants have also submitted ample evidence to 
show that, in general, if a gene is amplified in cancer, it is "more likely than not" that the 
encoded protein will also be expressed at an elevated level. 

For instance, Appellants presented the articles by Orntoft et al, Hyman et al, and 
Pollack et al (made of record in Appellants' Response filed August 20, 2004), who collectively 
teach that in general, for most genes, DNA amplification increases mRNA expression . The 
results presented by Orntoft et al, Hyman et al, and Pollack et al are based upon wide ranging 
analyses of a large number of tumor associated genes. Orntoft et al studied transcript levels of 
5600 genes in malignant bladder cancers, many of which were linked to the gain or loss of 
chromosomal material, and found that in general (18 of 23 cases) chromosomal areas with more 
than 2-fold gain of DNA showed a corresponding increase in mRNA transcripts. Hyman et al 
compared DNA copy numbers and mRNA expression of over 12,000 genes in breast cancer 
tumors and cell lines, and found that there was evidence of a prominent global influence of copy 
number changes on gene expression levels. In Pollack et al, the authors profiled DNA copy 
number alteration across 6,691 mapped human genes in 44 predominantly advanced primary 
breast tumors and 10 breast cancer cell lines, and found that on average, a 2-fold change in DNA 
copy number was associated with a corresponding 1 .5-fold change in mRNA levels. In 
summary, the evidence supports the Appellants' position that gene amplification is more likely 
than not predictive of increased mRNA and polypeptide levels. 

Second, the Declaration of Dr. Paul Polakis (made of record in Appellants' Response 
filed August 20, 2004), principal investigator of the Tumor Antigen Project of Genentech, Inc., 
the assignee of the present application, explains that in the course of Dr. Polakis' research using 
microarray analysis, he and his co-workers identified approximately 200 gene transcripts that are 
present in human tumor cells at significantly higher levels than in corresponding normal human 
cells. Appellants submit that Dr. Polakis' Declaration was presented to support the position that 
there is a correlation between mRNA levels and polypeptide' levels, the correlation between gene 
amplification and mRNA levels having already been established by the data shown in the Orntoft 
et aL, Hyman et al, and Pollack et al articles. Appellants further emphasize that the opinions 
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expressed in the Polakis Declaration, including in the above quoted statement, are all based on 
factual findings. For instance, antibodies binding to about 30 of these tumor antigens were 
prepared, and mRNA and protein levels were compared. In approximately 80% of the cases , the 
researchers found that increases in the level of a particular mRNA correlated with changes in the 
level of protein expressed from that mRNA when human tumor cells are compared with their 
corresponding normal cells . Therefore, Dr. Polakis 5 research, which is referenced in his 
Declaration, shows that, in general, there is a correlation between increased mRNA and 
polypeptide levels . Hence, one of skill in the art would reasonably expect that, based on the gene 
amplification data of the PRO290 gene, the PRO290 polypeptide is concomitantly overexpressed 
in the colon tumors studied as well. 

Appellants further note that the sale of gene expression chips to measure mRNA levels is 
a highly successful business, with a company such as Affymetrix recording 168.3 million dollars 
in sales of their GeneChip® arrays in 2004. Clearly, the research community believe that the 
information obtained from these chips is useful (i.e., that it is more likely than not that the results 
are informative of protein levels). 

The Examiner appears to disregard the ample evidence provided in the above referenced 
articles based on misinterpretations of their teachings. The "more likely than not" standard is a 
much lower standard than a "necessary" correlation or "accurate" prediction, and Appellants 
submit that in fact, this standard is clearly met by the instant disclosure, and furthermore, the 
Declarations and the articles by the Appellants lend significant support to the fact that for an 
amplified gene, it is more likely than not that the protein will also be overexpressed. Moreover, 
the Examiner's cited references do not present a prima facie case of lack of utility, as discussed 
above. 

Thus, based on the asserted utility for PRO290 in the diagnosis of lung or colon tumors, 
the reduction to practice of the instantly claimed protein sequence of SEQ ID NO: 33 in the 
present application, the disclosure of the step-by-step protocols for making chimeric PRO 
polypeptides, including those wherein the heterologous polypeptide is an epitope tag or an Fc 
region of an immunoglobulin in the specification (at page 374, lines 24 to page 375, line 9), the 
disclosure of a step-by-step protocol for making and expressing PRO290 in appropriate host cells 
(in Examples 140-143 and page 376, line 12), and the disclosure of the gene amplification assay 
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in Example 170, the skilled artisan would know exactly how to make and use the claimed 
polypeptide and its antibodies for the diagnosis of lung or colon cancers. Appellants submit that 
based on the detailed information presented in the specification and the advanced state of the art 
in oncology, the skilled artisan would have found such testing routine and not 'undue.' 

Therefore, Appellants respectfully request reconsideration and reversal of this 
outstanding rejections under 35 U.S.C. §101 and §112, first paragraph, to Claims 124-125 and 
129-131. 



For the reasons given above, Appellants submit that present specification clearly 
describes, details and provides a patentable utility for the claimed invention. Moreover, it is 
respectfully submitted that based upon this disclosed patentable utility, the present specification 
clearly teaches "how to use" the presently claimed polypeptide. As such, Appellants respectfully 
request reconsideration and reversal of the outstanding rejection of Claims 124-125 and 129-131. 

The Commissioner is authorized to charge any fees which may be required, including 
extension fees, or credit any overpayment to Deposit Account No. 08-1641 (referencing 
Attorney's Docket No. 39780-2730 P1C3) . 



HELLER EHRMAN LLP 

275 Middlefield Road 
Menlo Park, California 94025-3506 
Telephone: (650) 324-7000 
Facsimile: (650) 324-0638 



CONCLUSION 



Respectfully submitted, 



Date: April 17,2006 




Ginger R. Dreger 
Reg. No. 33,055 
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VIII. CLAIMS APPENDIX 
Claims on Appeal 



1 24. An isolated polypeptide comprising: 

(a) the amino acid sequence of the polypeptide of SEQ ID NO:33; 

(b) the amino acid sequence of the polypeptide encoded by the full-length coding sequence 
of the cDNA deposited under ATCC accession number 209790. 

125. The isolated polypeptide of Claim 124 comprising the amino acid sequence of the 
polypeptide of SEQ ID NO:33. 

129. The isolated polypeptide of Claim 124 comprising the amino acid sequence of the 
polypeptide encoded by the full-length coding sequence of the cDNA deposited under ATCC 
accession number 209790. 

130. A chimeric polypeptide comprising a polypeptide according to Claim 124 fused to a 
heterologous polypeptide. 

131. The chimeric polypeptide of Claim 130, wherein said heterologous polypeptide is an 
epitope tag or an Fc region of an immunoglobulin. 
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IX. EVIDENCE APPENDIX 



1. Declaration of Paul Polakis, Ph.D. under 35 C.F.R. §1.132. 

2. Declaration of Avi Ashkenazi, Ph.D. under 35 C.F.R. §1.132, with attached 
Exhibit A (Curriculum Vitae). 

3. Declaration of Audrey Goddard, Ph.D. under 35 C.F.R. §1.132, with attached 
Exhibits A-G: 

A. Curriculum Vitae of Audrey D. Goddard, Ph.D. 

B. Higuchi, R. et al., "Simultaneous amplification and detection of specific 
DNA sequences," Biotechnology 10:413-417 (1992). 

C. Livak, K.J., et al, "Oligonucleotides with fluorescent dyes at opposite 
ends provide a quenched probe system useful for detecting PCR product 
and nucleic acid hybridization," PCR Methods Appl 4:357-362 (1995). 

D. Heid, C.A. et al., "Real time quantitative PCR," Genome Res. 6:986-994 
(1996). 

E. Pennica, D. et al., "WISP genes are members of the connective tissue 
growth factor family that are up-regulated in Wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors," Proc. Natl Acad. Sci. USA 
95:14717-14722(1998). 

F. Pitti, R.M. et al., "Genomic amplification of a decoy receptor for Fas 
ligand in lung and colon cancer," Nature 396:699-703 (1998). 

G. Bieche, I. et al., "Novel approach to quantitative polymerase chain 
reaction using real-time detection: Application to the detection of gene 
amplification in breast cancer," Int. J. Cancer 78:661-666 (1998). 

4. Orntoft, T.F., et al., "Genome-wide Study of Gene Copy Numbers, Transcripts, 
and Protein Levels in Pairs of Non- Invasive and Invasive Human Transitional Cell Carcinomas," 
Molecular & Cellular Proteomics 1 :37-45 (2002). 

5. Hyman, E., et al., "Impact of DNA Amplification on Gene Expression Patterns in 
Breast Cancer," Cancer Research 62:6240-6245 (2002). 

6. ' Pollack, J.R., et al., "Microarray Analysis Reveals a Major Direct Role of DNA 
Copy Number Alteration in the Transcriptional Program of Human Breast Tumors," Proc. Natl 
Acad. Sci USA 99:12963-12968 (2002). 

7. Hanna et al., "HER-2/neu Breast Cancer Predictive Testing," Pathology 
Associates Medical Laboratories (1999). 
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8. Pennica, D. et al., "WISP genes are members of the connective tissue growth 
factor family that are up-regulated in Wnt-1 -transformed cells and aberrantly expressed in human 
colon tumors" Proc. Natl. Acad. Set USA 95:14717-14722 (1998). 

9. Konopka et al, "Variable Expression of the Translocated c-abl oncogene in 
Philadelphia-chromosome-positive B-lymphoid cell lines from chronic myelogenous leukemia 
patients" Proc. Natl Acad. Set USA 83: 4049-52, (1986). 

10. Haynes et al, "Proteome analysis: Biological assay or data archive?" 
Electrophoresis 19:1862-1871 (1996). 

11. Hu et al, "Analysis of genomic and proteomic data using advanced literature 
mining," 1 Proteome Res. 2: 405-412 (2003). 

12. Lian et al, "Genomic and proteomic analysis of the myeloid differentiation 
program," Blood 98: 513-524 (2001). 

13. Fessler et al, "A genomic and proteomic analysis of activation of the human 
neutrophil by lipopolysaccharide and its mediation by p38 mitogen-activated protein kinase," J. 
Biol Chem. 277: 31291-31302 (2002). 

14. Chen et al, "Discordant Protein and mRNA Expression in Lung Adeno- 
carcinomas," Mol Cellular Proteomics, 1: 304-313 (2002). 

15. Hittelman et al, "Genetic instability in epithelial tissues at risk for cancer," Ann. 
NY. Acad. ScL 952: 1-12 (2001). 

16. Sen S.', "Aneuploidy and Cancer", Current Opinion in Oncology, 12: 82-88, 
(2000). 

17. Livak, K.J., et al, "Oligonucleotides with fluorescent dyes at opposite ends 
provide a quenched probe system useful for detecting PCR product and nucleic acid 
hybridization," PCR Methods Appl. 4:357-362 (1995). 

18. Heid, C. A. et al, "Real time quantitative PCR," Genome Res. 6:986-994 (1 996). 

Items 1-2 and 4-7 were submitted with Appellants' Response filed August 20, 2004, and were 
considered by the Examiner as indicated in the Final Office Action mailed November 9, 2004. 

Item 3 was submitted with Appellants' Response filed August 2, 2005, and was considered by 
the Examiner as indicated in the Final Office Action mailed October 19, 2005. 

Items 8 and 10 were made of record by the Examiner in the Office Action mailed April 20, 2004. 
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Item 9 and 1 1 was made of record by the Examiner in the first Final Office Action mailed 
November 9, 2004. 



Items 12-18 were made of record by the Examiner in the Final Office Action mailed October 19, 
2005. 
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X. RELATED PROCEEDINGS APPENDIX 

None - no decision rendered by a Court or the Board in any related proceedings identified 

above. 
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4/17/06 9:25 AM (39780.2730) 
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I, Paul Polakis, Ph.D., declare and say as follows: 



DECLARATION OF PAUL POLAKIS, Ph.D. 



1 . I was awarded a Ph.D. by the Department of Biochemistry of the Michigan 
State University in 1984. My scientific Curriculum Vitae is attached to and forms 
part of this Declaration (Exhibit A). 

2. I am currently employed by Genentech, Inc. where my job title is Staff 
Scientist. Since joining Genentech in 1999, one of my primary responsibilities has 
been leading Genentech's Tumor Antigen Project, which is a large research project 
with a primary focus on identifying tumor cell markers that find use as targets for 
both the diagnosis and treatment of cancer in humans. 

3. As part of the Tumor Antigen Project, my laboratory has been analyzing 
differential expression of various genes in tumor cells relative to normal cells. 
The purpose of this research is to identify proteins that are abundantly expressed 
on certain tumor cells and that are either (i) not expressed, or (ii) expressed at 
lower levels, on corresponding normal cells. We call such differentially expressed 
proteins "tumor antigen proteins". When such a tumor antigen protein is 
identified, one can produce an antibody that recognizes and binds to that protein. 
Such an antibody finds use in the diagnosis of human cancer and may ultimately 
serve as an effective therapeutic in the treatment of human cancer. 

4. In the course of the research conducted by Genentech's Tumor Antigen 
Project, we have employed a variety of scientific techniques for detecting and 
studying differential gene expression in human tumor cells relative to normal cells, 
at genomic DNA, mRNA and protein levels. An important example of one such 
technique is the well known and widely used technique of microarray analysis 
which has proven to be extremely useftd for the identification of mRNA molecules 
that are differentially expressed in one tissue or cell type relative to another. In the 
course of our research using microarray analysis, we have identified 
approximately 200 gene transcripts that are present in human tumor cells at 
significantly higher levels than in corresponding normal human cells. To date, we 
have generated antibodies that bind to about 30 of the tumor antigen proteins 
expressed from these differentially expressed gene transcripts and have used these 
antibodies to quantitatively determine the level of production of these tumor 
antigen proteins in both human cancer cells and corresponding normal cells. We 
have then compared the levels of mRNA and protein in both the tumor and normal 
cells analyzed. 

5. From the mRNA and protjein expression analyses described in paragraph 4 
above, we have observed that there is a strong correlation between changes in the 
level of mRNA present in any particular cell type and the level of protein 



expressed from that mRNA in that cell type. In approximately 80% of our 
observations we have found that increases in the level of a particular mRNA 
correlates with changes in the level of protein expressed from that mRNA when 
human tumor cells are compared with their corresponding normal cells. 

6. Based upon my own experience accumulated in more than 20 years of 
research, including the data discussed in paragraphs 4 and 5 above and my 
knowledge of the relevant scientific literature, it is my considered scientific 
opinion that for human genes, an increased level of mRNA in a tumor cell relative t 
to a normal cell typically correlates to a similar increase in abundance of the 
encoded protein in the tumor cell relative to the normal cell. In fact, it remains a 
central dogma in molecular biology that increased mRNA levels are predictive of 
corresponding increased levels of the encoded protein. While there have been 
published reports of genes for which such a correlation does not exist, it is my 
opinion that such reports are exceptions to the commonly understood general rule 
that increased mRNA levels are predictive of corresponding increased levels of the 
encoded protein. 

7. I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information or belief are believed to be true, 
and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code and that such willful 
statements may jeopardize the validity of the application or any patent issued 
thereon. 



Dated: 5/07/0/ 




Paul Polakis, Ph.D. 
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CURRICULUM VITAE 



PAUL G. POLAKIS 

Staff Scientist 

Genentech, Inc 

1 DNA Way, MS#40 

S. San Francisco, CA 94080 



EDUCATION: 

Ph.D., Biochemistry, Department of Biochemistry, 
Michigan State University (1 984) 

B.S., Biology. College of Natural Science, Michigan State University (1977) 



PROFESSIONAL EXPERIENCE: 
2002-present 



Staff Scientist, Genentech, Inc 
S. San Francisco, CA 



1999-2002 



Senior Scientist, Genentech, Inc., 
S. San Francisco, CA 



1997 -1999 



Research Director 
Onyx Pharmaceuticals, Richmond, CA 



1992- 1996 



Senior Scientist, Project Leader, Onyx 
Pharmaceuticals, Richmond, CA 



1991-1992 

1989-1991 
1987-1989 



Senior Scientist, Chiron Corporation, 
Emeryville, CA. 

Scientist, Cetus Corporation, Emeryville CA. 

Postdoctoral Research Associate, Genentech, 
Inc., South SanFrancisco, CA. 



1985-1987 



Postdoctoral Research Associate, Department 
of Medicine, Duke University Medical Center, 
Durham, NC 



1 984-1 985 Assistant Professor, Department of Chemistry, 

Oberiin College, Oberlin, Ohio 

1 980-1 984 Graduate Research Assistant, Department of 

Biochemistry, Michigan State University 
East Lansing, Michigan 



PUBLICATIONS: 



1. Polakis, P G. and Wilson, J. E. 1982 Purification of a Highly Bindable Rat Brain 
Hexokinase by High Performance Liquid Chromatography. Biochesmi. Boophys. 
Res. Comnfiun. 107, 937-943. 

2. PoOakos, P.G. and Wilson, J. E. 1984 Proteolytic Dissection of Rat Brain 
Hexokinase: Determination of the Cleavage Pattern during Limited Digestion with 
Trypsin. Arch. Blochem. Blophys. 234, 341-352. 

3. PoOakls, P. G. and Wilson, J. E. 1985 An Intact Hydrophobic N-Terminal 
Sequence is Required for the Binding Rat Brain Hexokinase to Mitochondria. Arch. 
Biochem. Blophys.236, 328-337. - 

4. lining, R.J., PoOakis.P.G. and Snyderman, R. 1987 Isolaton of GTP-binding 
Proteins from Myeloid HL60 Cells. J. Biol. Chem. 262, 15575-15579. 

5. Polakos, P.G., Uhing, R.J. and Snyderman, R. 1988 The Formylpeptide 
Chemoattractant Receptor Copurifies with a GTP-binding Protein Containing a 
Distinct 40 kDa Pertussis Toxin Substrate. J. Biol. Chem. 263, 4969-4979. 

6. Uhing, R. J., Dillon, S., Poflakis, P. G. f Truett, A. P. and Snyderman, R. 1988 
Chemoattractant Receptors and Signal Transduction Processes in Cellular and 
Molecular Aspects of Inflammation ( Poste, G. and Crooke, S. T. eds.) pp 335-379. 

7. Potakls, P.G., Evans, T. and Snyderman 1989 Multiple Chromatographic Forms 
of the Formylpeptide Chemoattractant Receptor and their Relationship to GTP- 
binding Proteins. Blocheinn. BoqpSnys. Res. Comnmrayini. 161, 276-283. 

8. Pobakos, P. G., Snyderman, R. and Evans, T. 1989 Characterization of G25K, a 
GTP-binding Protein Containing a Novel Putative Nucleotide Binding Domain. 

Biocffnem. Booplhys. Res. ComniMoi). 160, 25-32. 

■9. Potakls, P., Weber.R.F., Nevins.B., Didsbury, J. Evans.T. and Snyderman, R. 
1989 Identification of the ral and racl Gene Products, Low Molecular Mass GTP- 
binding Proteins from Human Platelets. J. Bool. Gfoem. 264, 16383-16389. 

HQ. Snyderman, R., Perianin, A,, Evans, T., Polakls, P. and Didsbury, J. 1989 G 
Proteins and Neutrophil Function. In ADP-Ribosylating Toxins and G Proteins: 
Insights into Signal Transduction. ( J. Moss and M. Vaughn, eds.) Amer. Soc. 
Microbiol, pp. 295-323. 



11. Hart, M.J., PoOakos, P.G., Evans, T. and Cerrione, R.A. 1990 The Identification 
and Charaterization of an Epidermal Growth Factor-Stimulated Phosphorylation of a 
Specific Low Molecular Mass GTP-binding Protein in a Reconstituted Phospholipid 
Vesicle System. J. BooO. Chem. 265, 5990-6001. 

12. Yatani, A., Okabe, K., Pollakos, P. Halenbeck, R. McCormick, F. and Brown, A. 
M. 1990 ras p21 and GAP Inhibit Coupling of Muscarinic Receptors to Atrial K + 
Channels. Coll. 61, 769-776. 

13. Munemitsu, S., Innis, M.A., Clark, R., McCormick, F., Ullrich, A. and PolaEds, 
P.G. 1990 Molecular Cloning and Expression of a G25K cDNA, the Human Homolog 
of the Yeast Cell Cycle Gene CDC42. Aflol. Cell. BooO. 10, 5977-5982. 

■14. PolaEds, P.G. Rubinfeld, B. Evans, T. and McCormick, F. 1991 Purification of 
Plasma Membrane-Associated GTPase Activating Protein (GAP) Specific for rap- 
1/krev-1 from HL60 Cells. Piroc. Natl. Acad. ScS. USA 88, 239-243. 

15. Moran, M. F., Poflakls, P., McCormick, F., Pawson, T. and Ellis, C. 1991 Protein 
Tyrosine Kinases Regulate the Phosphorylation, Protein Interactions, Subcellular 
Distribution, and Activity of p21ras GTPase Activating Protein. Mol Cell. Biol. 11, 
1804-1812 

.16. Rubinfeld, B., Wong, G., Bekesi, E. Wood, A. McCormick, F. and PoOakos, P. G. 

1991 A Synthetic Peptide Corresponding to a Sequence in the GTPase Activating 
Protein Inhibits p21 ras Stimulation and Promotes Guanine Nucleotide Exchange. 
Internafl. J. Pepttode 'and Pro! Res. 38, 47-53. 

17. Rubinfeld, B., Munemitsu, S., Clark, R., Conroy, L., Watt, K., Crosier, W., 
McCormick, F., and Polakos, P. 1991 Molecular Cloning of a GTPase Activating 
Protein Specific for the Krev-1 Protein p21 ra P 1 . Cell 65, 1033-1042. 

18. Zhang, K. Papageprge, A., G., Martin, P., Vass, W. C, Olah, Z., PolaEds, P., 
McCormick, F. and Lowy, D, R. 1991 Heterogenous Amino Acids in RAS and 
RaplA Specifying Sensitivity to GAP Proteins. ScDeimce 254, 1630-1634. 

.19. Martin, G., Yatani, A., Clark, R., Polakfls, P., Brown, A. M. and McCormick, F. 

1992 GAP Domains Responsible for p21 ras -dependent Inhibition of Muscarinic Atrial 
K + Channel Currents. Scoeimce 255, 192-194. 

20. McCormick, F., Martin, G. A., Clark, R., Bollag, G. and Polakos, P . 1992 
Regulation of p21ras by GTPase Activating Proteins. Cold Spring Harbor Symposia 
■on Quantitative Biology, Vol. 56, 237-241 . 

21. Pronk, G. B., Polakos, P., Wong, G., deVries-Smits, A. M., Bos J. L and 
McCormick, F. 1 992 p60 v * sr c Can Associate with and Phosphorylate the p21 ras 
GTPase Activating Protein. Oncogene 7,389-394. 
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GAP-associated tyrosine phosphoprotein p62. CeflO 69, 551-558. 
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46. Pender, S., Fell, I, Chamow, S., Ashkenazi, A „ and MacDohald, T. A p55 TNF 
receptor immunoadhesin prevents T cell mediated intestinal injury by inhibiting 
matrix metalloproteinase production. J. Immunol 160, 4098-4103 (1998). 

47. Pitti, R.> Marsters, S., Lawrence, D., Roy, Kischkel, F., M., Ddwd, P., Huang, A., 
Donahue, C, Sherwood, S., Baldwin, D., Godowski, P., Wood, W., Gumey, A., 
Hillan, K , Cohen, R., Goddard, A., Botstein, D., and Ashkenazi, A. Genomic 
amplification of a decoy receptor for Fas ligand in lung and colon cancer. Nature 
396,699-703(1998). 

48. Mori, S., Marakami-Mori, K., Nakamura, S., Ashkenazi. A ., and Bonavida, B. 
Sensitization of ADDS Kaposi's sarcoma cells to Apo-2 ligand-induced apoptosis 
by actinoniycih D. Immunol 162, 5616-5623 (1999). 

49. Gurney, A. Marsters, S., Huang, A., Pitti, R., Mark, M., Baldwin, D., Gray, A., 
Dowd, P., Brush, J., Heldens, S., Schow, P., Goddard, A., Wood, W., Baker, K., 
Godowski, P., and Ashkenazi, A. Identification of a new member of the tumor 
necrosis factor family and its receptor, a human ortholog of mouse GITR. Curr. 
Biol 9, 215-218 (1999). 
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50. Ashkenazi, A ., Pai, R., Fong, s., Leung, S., Lawrence, D., Marsters, S., Blackie, 
C, Chang, L., McMurtrey, A., Hebert, A., DeForge, L., Khoumenis, L, Lewis, D., 
Harris, L., Bussiere, L, Koeppen, H., Shahrokh, Z., and Schwall, R; Safety and 
anti-tumor activity of recombinant soluble Apo2 ligand J. Clin. Invest. 104, 155- 
162 (1999). 

51. Chuntharapai, A., Gibbs, V., Lu, J., Ow, A., Marsters, S., Ashkenazi, A., De Vos, 
A., Kim, K. J. Determination of residues involved in ligand binding and signal 
transmission in the human IFN-ot receptor 2. J. Immunol. 163, 766-773 (1999). 

52. Johnsen, A.^C, Haux, J., Steinkjer, B., Nonstad, U., Egeberg, K., Sundan, A., 
Ashkenazi, A., and Espevik, T. Regulation of Apo2L/TRAIL expression in NK 
cells - involvement in NK cell-mediated cytotoxicity. Cytokine 11, 664-672 
(1999). 

53. Roth, W., Isenmann, S., Naumann, U., Kugler, S., Bahr, M., Dichgans, 
Ashkenazi, A., arid Weller, M. Eradication of intracranial human malignant 
glioma xenografts by Apo2L/TRAIL. Biochem. Biophys. Res. Commun. 265, 479- 
483(1999). 

54. Hymowitz, S.G., Christinger, H.W., Fuh, G., Ultsch, M., O'Connell, M., Kelley, 
R.F. , Ashkenazi, A. and de Vos, A.M. Triggering Cell Death: The Crystal 
Structure of Apo2L/TRAIL in a Complex with Death Receptor 5. Molec. Cell 4, 
563^571 (1999). 

55. Hymowitz, S.G., O'Connel, M.P., Utsch, M.H., Hurst, A., Totpal, K., Ashkenazi. 
Ay de Vos, AM., Kelley, R.F. A unique zinc-binding site revealed by a high- 
resolution X-ray structure of homotrimeric Apo2I/TRAIL. Biochemistry 39, 633- 
640(2000). 

56. Zhou, Q., Fukushima, P., DeGraff, W., Mitchell, J.B., Stetler-Stevenson, M., 
Ashkenazi, A., and Steeg, P.S. Radiation and the Apo2I7TRAIL apoptotic 
pathway preferentially inhibit the colonization of premalignant human breast 
cancer cells overexpressing cyclin Dl. Cancer Res. 60, 2611-2615 (2000). 

57. Kischkel, F.C., Lawrence, D. A., Chuntharapai, A., Schow, P., Kim, J., and 
Ashkenazi, A. Apo2L/TRAII^dependent recruitment of endogenous FADD and 
Caspase-8 to death receptors 4 and 5. Immunity 12, 611-620 (2000). 

58. Yan, M., Marsters, S.A., Grewal, IS., Wang, H., * Ashkenazi. A., and *Dixit, 
V.M. Identification of a receptor for BlyS demonstrates a crucial role in humoral 
immunity. Nature Immunol. 1, 37-41 (2000). 
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Marsters, S.A., Yan, M., Pitti, R.M., Haas, RE., Dixit, V.M., and Ashkenazi. A. 
Interaction of the TNF homologues BLyS and APRIL with the TNF receptor 
homologues BCMA and TACL Curr. Biol. 10, 785-788 (2000). 
Kischkel, F.C., and Ashkenazu A . Combining enhanced metabolic labeling with 
immunoblottiiig to detect interactions of endogenous cellular proteins. 
Biotechniques 29, 506-512 (2000). 

Lawrence, D., Shahrokh, Z., Marsters, S., Achilles, K., Shih, D. Mounho, B., 
Hillan, K, Totpal, K. DeForge, L., Schow, P., Hooley, J., Sherwood, S., Pai, R., 
Leuiig, S., Khan, L., Gliniak, B., Bussiere, J., Smith, C, Strom, S., Kelley, S., 
Fox, J., Thomas, D., and AshkenazL A. Differential hepatocyte toxicity of 
recombinant Apo2L/TRAIL versions. Nature Med. 7, 383-385 (2001). 
Churitharapai, A., Dodge, K., Grimmer, K., Schroeder, K., Martsters, S.A., 
Koeppen, H., AshkenaztA .. and Kim, KJ. Isotype-dependent inhibition of 
tumor growth in vivo by monoclonal antibodies to death receptor 4. J. Immunol 
166, 4891-4898 (2001). 

Pollack, I.F., Erff, M., and Ashkenazi. A . Direct stimulation of apoptotic 
signaling by soluble Apo2L/tumor necrosis factor-related apoptosis-inducing 
ligand leads to selective killing of glioma cells. Clin. Cancer Res. 7, 1362-1369 
(2001). 

Wang, H., Marsters, S. A., Baker, T., Chan, B., Lee, W.P., Fu, L., Tumas, D., Yan, 
M., Dixit, V.M., * Ashkenazi. A » and *Grewal, LS. TACI-ligiand interactions are 
required for T cell activation and collagen-induced arthritis in mice. Nature 
Immunol. 2, 632-637 (2001). 

Kischkel, F.C., Lawrence, D. A., Tinel, A., Virmani, A., Schow, P., Gazdar, A., 
Blenis, J., Arnott, P., and AshkenazL A . Death receptor recruitment of 
endogenous caspase-10 and apoptosis initiation in the absence of caspase-8. 
Biol. Chern. 276, 46639-46646 (2001). 

LeBlanc, H., Lawrence, D.A., Varfolomeev, E., Totpal, K.* Morlan, J., Schow, P.; 
Fong, S., Schwall, R., Sinicropi, D., and AshkenazL A T umor cell resistance to 
dearth receptor induced apoptosis through mutational inactivation of the 
proapoptotitc Bcj-2 homolog Bax. Nature Med. 8, 274-281 (2002). 
Miller, K , Meng, G., Liu, J., Hurst, A., Hsei, V., Wong, W-L., Ekert, R., 
Lawrence, D., Sherwood, S., DeForge, L., Gaudreault., Keller, G., Sliwkowski, 
M, Ashkenazi, A „ and Presta, L. Design, Construction, and analyses of 
multivalent antibodies. J. Immunol. 170, 4854-4861 (2003). 




68. Varfolomeev, E., Kischkel, F., Martin, F., Wanh, H., Lawrence, D., Olsson, C, 
Tom, L,, Erickson, S., French, D., Schow, P., Grewal, L and Ashkenazi. A. 
Immune system development in APRIL knockout mice. Submitted. 

Review articles: 

1 . Ashkenazi, A., Peralta, E., Winslow, J., Ramachandran, J., and Capon, D., J. 
Functional role of muscarinic acetylcholine receptor subtype diversity. Cold 
Spring Harbor Symposium on Quantitative Biology. Lilt, 263-272 (1988). 

2. Ashkenazu A .. Peralta, E.* Winslow, L, Ramachandran, J., and Capon, D. 
Functional diversity of muscarinic receptor subtypes in cellular signal 
transduction arid growth. Trends Pharmacol Sou Dec Supplement, 12-21 (1989). 

3. Ghamow, S., Duliege, A., Ammann, A., Kahn, J., Allen, D,, Eichberg, J., Byrn, 
R., Capon, D;, Ward, R., and Ashkenazi, A . CD4 immunoadhesins in anti-HIV 
therapy: new developments. Int. J. Cancer Supplement 7, 69-72 (1992). 

4. Ashkeiiazi, A .. Capon, and D. Ward, R. Immunoadhesins. Int. Rev. Immunol. 10, 
217-225(1993). , 

5. Ashkenazi, A ., and Peralta, E. Muscarinic Receptors. In Handbook of Receptors 
and Channels. (S. Peroutka, ed.), CRC Press, Boca Raton, Vol. I, p. 1-27, (1994). 

6. Krantz, S. B., Means, R. T., Jr., Lina, J., Marsters, S. A., and Ashkenazi. A . 
Inhibition of erythroid colony formation in vitro by gamma interferon. In 
Molecular Biology of Hematopoiesis (N. Abraham, R. Shadduck, A. Levine F. 
Takaku, eds.) Intercept Ltd. Paris, Vol. 3, p. 135-147 (1994). 

7. Ashkenazi, A . Cytokine neutralization as a potential therapeutic approach for 
SIRS and shock. J. Biotechnology in Healthcare 1, 197-206 (1994). 

8. Ashkenazi, A ., and Chamow, S. M. Immunoadhesins: an alternative to human 
monoclonal antibodies. Immunomethods: A companion to Methods in 
Enzimology 8, 104-115 (1995). 

9. Chamow, S., and Ashkenazi, A . Immunoadhesins: Principles and Applications. 
Trends Biotech 14, 52-60 (1996). 

10. Ashkeiiaizi. A ,, and Chamow. S. M. Immunoadhesins as research tools and 
therapeutic agents. Curr. Opin. Immunol 9, 195-200 (1997). 

11. Ashkenazi. A ., and Dixit, V. Death receptors: signaling and modulation. Science 
281, 1305-1308 (1998). 

12. Ashkenazi, A ., and Dixit, V. Apoptosis control by death and decoy receptors. 
Curr. Opin. Cell Biol 11, 255-260 (1999). 
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13. AshkenazL A . Chapters on Apo2L/TRAIL; DR4, DR5, DcRl, DcR2; and DcR3. 
Online Cytokine Handbook (www.apnet.com/cvtokinereference/) . 

14. AshkenazL A . Targeting death and decoy receptors of the tumor necrosis factor 
superfamily. Nature Rev. Cancer 2, 420-430 (2002). 

15. LeBlanc, H. arid AshkenazL A . Apoptosis signaling by Apo2L/TRAIL. Cell Death 
and Differentiation 10, 66-75 (2003). 

16. Almasan, A. arid AshkenazL A . Apo2L/TRAIL: apoptosis signaling, biology, and 
potential for cancer therapy. Cytokine and Growth Factor Reviews 14, 337-348 
(2003). 

Book: 

Antibody Fusion Proteins (Chamow, S., and AshkenazL A ., eds., John Wiley and 
Sons Inc.) (1999). 

Talks: 

1 . Resistance of primary HIV isolates to CD4 is independent of CD4-gp 1 20 hinging 
affinity. UCSD Symposium, HIV Disease: Pathogenesis and Therapy. 
Greenelefe, FL, March 1991. 

2. Use of immuno-hybrids to extend the half-life of receptors. IBC conference on 
Biopharmaceutical Halflife Extension. New Orleans, LA, June 1992. 

3. Results with TNF receptor Immunoadhesins for the Treatment of Sepsis. IBC 
conference on Endotoxemia and Sepsis. Philadelphia, PA, June 1992. 

4. liiimunbadhesins: an alternative to human antibodies. IBC conference on 
Antibody Engineering. San Diego, CA, December 1993. 

5. Tumor necrosis factor receptor: a potential therapeutic for human septic shock. 
American Society for Microbiology Meeting, Atlanta, GA, May 1 993 . 

6. Protective efficiacy of TNF receptor immunoadhesin vs anti-TNF monoclonal 
antibody in a rat model for endotoxic shock. 5th International Congress on TNF, 
Asilomar, CA, May 1994. 

7. Interferon-y signals via a multisubunit receptor complex that contains two types of 
polypeptide chain. American Association of Immunologists Conference. San 
Franciso, CA, July 1995. 

8. Immunoadhesins: Principles and Applications. Gordon Research Conference on 
Drug Delivery in Biology and Medicine. Ventura* CA, February 1996. 
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9. Apo-2 Ligand, a new member of the TNF family that induces apoptosis in tumor 
cells. Cambridge Symposium on TNF and Related Cytokines in Treatment of 
Cancer. Hilton-Head, NC, March 1996. 

10. Induction of apoptosis by Apo2 Ligand. American Society for Biochemistry and 
Mblecular Biology, Symposium on Growth Factors and Cytokine Receptors. New 
Orleans, LA, June, 1996. 

11. Apo2 ligand, an extracellular trigger of apoptosis. 2nd Clontech Symposium, 
Palo Alto, CA, October 1996. 

12. Regulation of apoptosis by members of the TNF ligand and receptor families. 
Stanford University School of Medicine, Palo Alto, CA, December 1996. 

13. Apo-3 : anovel receptor that regulates cell death and inflammation. 4th 
International Congress on Immune Consequences of Trauma, Shock, and Sepsis. 
Munich, Germany, March 1997. 

14. New members of the TNF ligand and receptor families that regulate apoptosis, 
inflammation, and iriimunity. UCLA School of Medicine, LA, CA, March 1997. 

15. Immimbadhesins: an alternative to monoclonal antibodies. 5th World Conference 
on Bispecific Antibodies. Volendam, Holland, June 1997. 

16. Control of Apo2L signaling. Cold Spring Harbor Laboratory Symposium on 
Programmed Cell Death. Cold Spring Harbor, New York. September, 1997. 

17. Chairman and speaker, Apoptosis Signaling session. IBC's 4th Annual 
Conference oh Apoptosis. San Diego, CA., October 1997. 

18. Control of Apo2L signaling by death and decoy receptors. American Association 
for the Advancement of Science. Philadelphia, PA, February 1 998. 

19. Apo2 ligand and its receptors. American Society of Immunologists. San 
Francisco, C A, April 1998. 

20. Death receptors and ligands. 7th International TNF Congress. Cape Cod, MA, 
May 1998. 

21. Apo2L as a poteiitial therapeutic for cancer. UCLA School of Medicine. LA, 
CA, June 1998. 

22. Ap62L as a poteiitial therapeutic for cancer. Gordon Research Conference on 
Cancer Chemotherapy. New London, NH, July 1998. 

23 . Control of apoptosis by Apo2L. Endocrine Society Conference, Stevenson, WA, 
August 1998. 

24. Control of apoptosis by Apo2L. International Cytokine Society Conference, 
Jerusalem, Israel, October 1998. 
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25. Apoptosis control by death and decoy receptors. American Association for 
Cancer Research Conference, Whistler, BC, Canada, March 1999. 

26. Apoptosis control by death and decoy receptors. American Society for 
Biochemistry and Molecular Biology Conference, San Francisco, CA, May 1999. 

27. Apoptosis control by death and decoy receptors. Gordon Research Conference on 
Apoptosis, New London, NH, June 1999. 

28. Apoptosis control by death and decoy receptors. Arthritis Foundation Research 
Conference, Alexandria GA, Aug 1999. 

29. Safety and anti-tumor activity of recombinant soluble Apo2L/TRAIL. Cold 
Spring Harbbr Laboratory Symposium on Programmed Cell Death. . Cold Spring 
Harbor, NY, September 1999. 

30. The Apo2L/TRAIL system: therapeutic potential. American Association for 
Cancer Research, Lake Tahoe, NV, Feb 2000. 

31. Apoptosis arid cancer therapy. Stanford University School of Medicine, Stanford, 
CAy Mar 2000. 

32. Apoptosis and cancer therapy. University of Pennsylvania School of Medicine, 
Philadelphia, PA, Apr 2000. 

33. Apoptosis signaling by Apo2L/TRAIL. International Congress on TNF. 
Trondheim, Norway, May 2000. 

34. The Apo2L/TRAIL system: therapeutic potential. Cap-CURE summit meeting. 
Santa Monica, CA, June 2000. 

35. The Apo2I/TRAIL system: therapeutic potential. MD Anderson Cancer Center. 
Houston, TX, June 2000. 

36. Apoptosis signaling by Apo2L/TRAIL. The Protein Society, 14 th Symposium. 
San Diego, CA, August 2000. 

37. Anti-tumor Activity of Apo2L/TRAIL. AAPS annual meeting. Indianapolis, IN 
Aug 2000. 

38. Apoptosis signaling and anti-cancer potential of Apo2L/TRAIL. Cancer Research 
Institute, Ut San Francisco, CA, September 2000. 

39. Apoptosis signaling by Apo2L/TRADL Kenote address, TNF family 
Minisymposium, NIH. Bethesda, MD, September 2000. 

40. Death receptors: signaling and modulation. Keystone symposium on the 
Molecular basis of cancer. Taos, NM, Jan 2001. 

41 . Preclinical studies of Apb2L/TRAIL in cancer. Symposium on Targeted therapies 
in the treatment of lung cancer. Aspen, CO, Jan 200 1 . 
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42. Apoptosis signaling by Apo2L/TRAIL. Wiezmann Institute of Science, Rehovot, 
Israel, March 2001. 

43. Apo2L/TRAlL: Apoptosis signaling and potential for cancer therapy. Weizmann 
Institute of Science, Rehovot, Israel, March 200 1 . 

44. Targeting death receptors in cancer with Apo2L/TRAIL. Cell Death and Disease 
conference, North Falmouth, MA, Jun 2001. 

45. Targeting death receptors in cancer with Apo2L/TRAIL. Biotechnology 
Organization conference, San Diego, CA, Jun 2001. 

46. Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Gordon Research 
Conference on Apoptosis, Oxford, UK, July 2001. 

47. Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Cleveland Clinic 
Foundation, Cleveland, OH, Oct 2001. 

48. Apoptosis signaling by death receptors: overview. International Society for 
Interferon and Cytokine Research conference, Cleveland, OH, Oct 2001. 

49. Apoptosis signaling by death receptors. American Society of Nephrology 
Conference. Sah Francisco, C A, Oct 2001. 

50. Targeting death receptors in cancer. Apoptosis: commercial opportunities. San 
Diego, CA, Apr 2002. 

5 1 . Apo2I7TRAIL signaling and apoptosis resistance mechanisms. Kimmel Cancer 
Research Center, Johns Hopkins University, Baltimore MD. May 2002. 

52. Apoptosis control by Apo2L/TRAIL. (Keynote Address) University of Alabama 
Cancer Center Retreat, Birmingham, Ab. October 2002. 

53. Apoptosis signaling by Apo2L/TRAIL. (Session co-chair) TNF international 
conference. San Diego, CA. October 2002. 

54. Apoptosis signaling by Apo2L/TRAIL. Swiss Institute for Cancer Research 
(ISREC). Lausanne, Swizerland. Jan 2003. 

55. Apoptosis induction with Apo2L/TRAIL. Conference on New Targets and 
Innovative Strategies in Cancer Treatment. Monte Carlo. February 2003. 

56. Apoptosis signaling by Apo2L/TRAIL. Hermelin Brain Tumor Center 
Syinposium on Apoptosis. Detroit, ML April 2003. 

57. Targeting apoptosis through death receptors. Sixth Annual Conference on 
Targeted Therapies in the Treatment of Breast Cancer. Kona, Hawaii. July 2003. 

58. Targeting apoptosis through death receptors. Second International Conference on 
Targeted Cancer Therapy. Washington, DC. Aug 2003. 

Issued Patents: 
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1 . Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,329,028 (Jul 12, 1994). 

2. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,605,791 (Feb 25, 1997). 

3. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,889,155 (Jul 27, 1999). 

4. Ashkenazi, A., APO-2 Ligand. US patent 6,030,945 (Feb 29, 2000). 

5. Ashkenazi, A., Chuntharapai, A., Kim, J., APO-2 ligand antibodies. US patent 6, 
046, 048 (Apr 4, 2000). 

6. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-dkectedcrosshiiking 
reagents. US patent 6,124,435 (Sep 26, 2000). 

7. Ashkenazi, A., Chuntharapai, A., Kim, J., Method for making monoclonal and cross- 
reactive antibodies. US patent 6,252,050 (Jun 26, 2001). 

8. Ashkenazi, A. APO-2 Receptor. US patent 6,342,369 (Jan 29, 2002). 

9. Ashkenazi, A; Fdng, S., Goddard, A., Gurney, A., Napier, M., Tumas, D., Wood, W. 
A-33 polypeptides. US patent 6,410,708 (Jun 25, 2002). 

10. Ashkenazi, A. APO-3 Receptor. US patent 6,462,176 Bl (Oct 8, 2002). 

11. Ashkenazi, A. APO-2LI and APO-3 polypeptide antibodies. US patent 6,469,144 Bl 
(Oct 22, 2002). 

12. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 6,5 82,928B1 (Jun 24, 2003). 
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DECLARATION OF AUDREY D. GODDARD, Ph/D UNDER 37 C .RR. $ 1-132 

Assistant Commissioner of Patents 
Washington, D.C. 20231 

Sir: ' 

1, Audrey D. Goddard, PhD. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1 993 and 200 1 , 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3 . My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 



# i 



Serial No,: * 
Filed: * 

4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et al. 9 Biotechnology 10:413-417 (1992) (Exhibit B); Livak et al. 9 PCR 
Methods AppL 4:357-362 (1995) (Exhibit C) and Heid et al, Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et a/., Proc. 
Natl. Acad. Sci. USA 95(25): 14717-14722 (1998) (Exhibit E); Pitti et al % Nature 
396(6712);699-703 (1998) (Exhibit F) andBieche et aL Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et al have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et al studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et al used the assay to study gene amplification in breast cancer. 




Serial No.: * 
Filed:* 

7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown - 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. I" declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 

Date Audrey D. Goddard, Ph.D. 
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* 



AUDREY D. GODDARD, Ph.D. 



Genentech, Inc. 110 Congo St. 

1 DNA Way San Francisco, CA t 94131 

South San Francisco, CA, 94080 415.841.9154 

650.225.6429 415.819.2247 (mobile) 

goddarda@gene.com agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 

Gerientech, Inc. 1993-present 
South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 1 1 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998 - 2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993 -1998 Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team offtve technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 

McMaster University 19 83 
Hamilton, Ontario, Canada with Dr. G. D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 
Ph.D. 

"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 

Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D. Sweeney 



University of Toronto 

Toronto, Ontario, Canada. 1989 

Department of Medical 

Biophysics. 

McMaster University, 

Hamilton, Ontario, Canada. 1983 

Department of Biochemistry 
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ACADEMIC AWARDS 



Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.L.W. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



1989-1992 
1983-1988 
1983 



1983 



1981-1983 
1981-1982 
1980-1981 
1979-1980 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ f USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 



Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocytic leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 



2000 
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PATENTS 



Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351. Date of Patent: 
Feb. 19, 2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone 'insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,113. Date of Patent: July 8, 1997 



Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H, Foster J, Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S. t Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 1 35-142. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17Rh1. Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, Aggan/val S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sc/. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal . 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 1 1 : 729-735. 
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Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mE10, a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD, Wood.WI, Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 215-21 8. 

Ridgway JBB, Ng E, Kern JA ,Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM, Marsters SA, Lawrence DA, Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ, 
Sherwood SW, Baldwin DT, Godowski PJ, Wood Wl, Gurney AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D, Swanson TA, Welsh JW, Roy MA, Lawrence DA. Lee J, Brush J, Taneyhill LA, 
Deuel B, Lew M, Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci. USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology 16(7): 677-681. 

Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM, Ryan A, Gu Q, Zhang C, Bonifas JM, Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2L/TRAIL 
contains a truncated death domain. Current Biology. 7(12): 1003-1006. 

Hynes M, Stone DM, Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor Gli-1. Neuron 
19:15-26. 

Sheridan JP, Marsters SA, Pitti RM, Gurney A., Skubatch M, Baldwin D, Ramakrishnan L, 
Gray CL, Baker K, Wood Wl, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD Dowd P, Chernausek S, Geffner M, Gertner J, Hintz R, Hopwood N, Kaplan S, 
Plotnick L Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr. 131: S51-55. 

Klein RD Sherman D, Ho WH, Stone D, Bennett GL, Moffat B, Vandlen R, Simmons L, Gu Q, 
Honao JA Devaux B, Poulsen K, Armanini M, Nozaki C, Asai N, Goddard A, Phillips H, 
Henderson CE, Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts with 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 717-21. 
Stone DM Hynes M, Armanini M, Swanson TA, Gu Q, Johnson RL, Scott MP, Pennica D, 
Goddard A Phillips H, Noll M, Hooper JE, de Sauvage F and Rosenthal A. (1996) The 
tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog. Nature 
384(6605): 129-34. 

Marsters SA Sheridan JP, Donahue CJ, Pitti RM. Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A (1996) Apo-3, a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current Biology 6(12): 
1669-76. 

Rothe M Xiong J, Shu HB, Williamson K, Goddard A and Goeddel DV. (1996) l-TRAF is a 
novel TRAF-interacting protein that regulates TRAF-mediated signal transduction. Proc. Natl. 
Acad. Sci. USA 93: 8241-8246. 

Yang M Luoh SM, Goddard A, Reilly D, Henzel W and Bass S. (1996) The bglX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasms beta- 
glucosidase. Microbiology 142: 1659-65. 

Goddard AD and Black DM. (1996) Familial Cancer in Molecular Endocrinology of Cancer. 
Waxman, J. Ed. Cambridge University Press, Cambridge UK, pp.1 87-21 5. 
Treanor JJS, Goodman L, de Sauvage F, Stone DM. Poulson KT, Beck CD, Gray C. Armanini 
MP Pollocks RA, Hefti F, Phillips HS, Goddard A, Moore MW, Buj-Bello A, Davis AM Asa. N, 
Takahashi M, Vandlen R, Henderson CE and Rosenthal A. (1996) Characterization of a 
receptor for GDNF. Nature 382: 80-83. 

Klein RD Gu Q, Goddard A and Rosenthal A. (1996) Selection for genes encoding secreted 
proteins and receptors. Proc. Natl. Acad. Sci. USA 93: 7108-7113. 

Winslow JW Moran P, Valverde J, Shih A, Yuan JQ, Wong SC, Tsai SP, Goddard A, Henzel 
WJ, Hefti F and Caras I. (1995) Cloning of AM. a ligand for an Eph-related tyrosine kinase 
receptor involved in axon bundle formation. Neuron 14: 973-981. 

Bennett BD Zeigler FC. Gu Q, Fendly B, Goddard AD, Gillett N and Matthews W (1995) 
Molecular cloning of a ligand for the EPH-related receptor protein-tyrosine kinase Htk. Proc. 
Natl. Acad. Sci. USA 92: 1866-1870. 

Huanq X Yuang J, Goddard A, Foulis A, James RF. Lernmark A, Pujol-Borrell R, 
Rabinovitch A, Somoza N and Stewart TA. (1995) Interferon expression in the pancreases of 
patients with type I diabetes. Diabetes 44: 658-664. 

Goddard AD Yuan JQ. Fairbairn L, Dexter M, Borrow J, Kozak C and Solomon E. (1995) 
Cloning of the murine homolog of the leukemia-associated PML gene. Mammalian Genome 
6:732-737. 
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Goddard AD, Covello R, Luoh SM, Clackson T, Attie KM, Gesundheit N, Rundle AC, Wells 
JA, Carlsson LMTI and The Growth Hormone Insensitivity Study Group. (1995) Mutations of 
the growth hormone receptor in children with idiopathic short stature. N. Engl. J. Med. 333: 
1093-1098. 

Kuo SS, Moran P, Gripp J, Armanini M, Phillips HS, Goddard A and Caras IW. (1994) 
Identification and characterization of Batk, a predominantly brain-specific non-receptor protein 
tyrosine kinase related to Csk. J. Neurosci. Res. 38: 705-715. 

Mark MR, Scadden DT, Wang Z, Gu Q, Goddard A and Godowski PJ. (1994) Rse, a novel 
receptor-type tyrosine kinase with homology to Axl/Ufo, is expressed at high levels in the 
brain. Journal of Biological Chemistry 269: 1 0720-1 0728. 

Borrow J, Shipley J, Howe K, Kiely F, Goddard A, Sheer D, Srivastava A, Antony AC, 
Fbretos T, Mitelman F and Solomon E. (1994) Molecular analysis of simple variant 
translocations in acute promyelocytic leukemia. Genes Chromosomes Cancer 9: 234-243. 

Goddard AD and Solomon E. (1993) Genetics of Cancer. Adv. Hum. Genet. 21: 321-376. 

Borrow J, Goddard AD, Gibbons B, Katz F, Swirsky D, Fioretos T, Dube I, Winfield DA, 
Kingston J, Hagemeijer A, Rees JKH. Lister AT and Solomon E. (1 992) Diagnosis of acute 
promyelocytic leukemia by RT-PCR: Detection of PML-RARA and RARA-PML fusion 
transcripts. Br. J. Haematol. 82: 529-540. 

Goddard AD, Borrow J and Solomon E. (1992) A previously uncharacterized gene, PML, is 
fused to the retinoic acid receptor alpha gene in acute promyelocytic leukemia. Leukemia 6 
Suppl3: 117S-119S. 

Zhu X, Dunn JM, Goddard AD, Squire JA, Becker A, Phillips RA and Gallie BL. (1992) 
Mechanisms of loss of heterozygosity in retinoblastoma. Cytogenet. Cell. Genet. 59: 248-252. 

Foulkes W, Goddard A. and Patel K. (1991) Retinoblastoma linked with Seascale [letter]. 
British Med. J. 302: 409. 

Goddard AD, Borrow J. Freemont PS and Solomon E. (1991) Characterization of a novel zinc 
finger gene disrupted by the t(15;17) in acute promyelocytic leukemia. Science 254: 1371- 
1374. 

Solomon E, Borrow J and Goddard AD. (1991) Chromosomal aberrations in cancer. Science 
254:1153-1160. 

Pajunen L, Jones TA, Goddard A, Sheer D, Solomon E, Pihlajaniemi T and Kivirikko Kl. 
(1991) Regional assignment of the human gene coding for a multifunctional peptide (P4HB) 
acting as the p-subunit of prolyl-4-hydroxylase and the enzyme protein disulfide isomerase to 
17q25. Cytogenet. Cell. Genet. 56: 165-168. 

Borrow J, Black DM, Goddard AD, Yagle MK, Frischauf A.-M and Solomon E. (1991) 
Construction and regional localization of a Not\ linking library from human chromosome 17q. 
Genomics 10: 477-480. 

Borrow J t Goddard AD, Sheer D and Solomon E. (1990) Molecular analysis of acute 
promyelocytic leukemia breakpoint cluster region on chromosome 17. Science 249: 1577- 
1580. 
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Myers JC, Jones TA, Pohjolainen E-R, Kadri AS, Goddard AD, Sheer D, Solomon E and 
Pihlaianie'mi T. (1990) Molecular cloning of 5(IV) collagen and assignment of the gene to the 
region of the region of the X-chromosome containing the Alport Syndrome locus. Am. J. Hum. 
Genet. 46: 1024-1033. 

Gallie BL, Squire JA, Goddard A, Dunn JM, Canton M, Hinton D, Zhu X and Phillips RA. 
(1990) Mechanisms of oncogenesis in retinoblastoma. Lab. Invest. 62: 394-408. 

Goddard AD, Phillips RA, Greger V, Passarge E, Hopping W, Gallie BL and Horsthemke B. 
(1990) Use of the RB1 cDNA as a diagnostic probe in retinoblastoma families. Clinical 
Genetics 37: 117-126. 

Zhu XP Dunn JM, Phillips RA, Goddard AD, Paton KE, Becker A and Gallie BL (1989) 
Germlin'e, but not somatic, mutations of the RB1 gene preferentially involve the paternal 
allele. Nature 340: 312-314. 

Gallie BL, Dunn JM, Goddard A, Becker A and Phillips RA. (1988) Identification of mutations 
in the putative retinoblastoma gene. In Molecular Bio loov of The Eve: Genes, Vision and 
Ovular Disease UCLA Symposia on Molecular and Cellular Biology, New Series, Volume 88. 
J. Piatigorsky, T. Shinohara and P.S. Zelenka, Eds. Alan R, Liss, Inc., New York, 1988, pp. 
427-436. 

Goddard AD, Balakier H, Canton M, Dunn J, Squire J, Reyes E, Becker A, Phillips RA and 
Gallie BL. (1988) Infrequent genomic rearrangement and normal expression of the putative 
RB1 gene in retinoblastoma tumors. Mol. Cell. Biol. 8: 2082-2088. 

Squire J Dunn J, Goddard A, Hoffman T, Musarella M, Willard HF, Becker AJ, Gallie BL and 
Phillips RA. (1986) Cloning of the esterase D gene: A polymorphic gene probe closely linked 
to the retinoblastoma locus on chromosome 13. Proc. Natl. Acad. Sci. USA 83: 6573-6577. 

Squire J, Goddard AD, Canton M, Becker A, Phillips RA and Gallie BL (1986) Tumour 
induction by the retinoblastoma mutation is independent of N-myc expression. Nature 322: 
555-557. 

Goddard AD, Heddle JA, Gallie BL and Phillips RA. (1985) Radiation sensitivity of fibroblasts 
of bilateral retinoblastoma patients as determined by micronucleus induction in vitro. Mutation 
, Research 152: 31.38. 
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.Wc liave esmharaced the polymerase cbafta 
jreactioim (FOR) such ith&t specific BNA 
seque^cies csua be detected witibtOTt open- 
ing (the jreacttioffi- 4wlb©# Tfcis eidb^cenafiJtoJ 
requires Ae addition off etMditmihjronaide 
(EtBr) to a PCR* Siace ahe fluorescence of 
EftBr ancmeases' ixn tffo.e presence of dloaiible* 
storaded (&$) B>NA aB iberease inn flaoites- 
cej&ce in. such a PCJR, indicates a positive 
amplMxcmllioitt* wfoidh casa be eaisily mnicpm- 
tored exteoially. &u facH, amplnficadon cam 
be contliiiuo^siy -m^iaittoire^l in order to 
follow its progress. The ability to sistnufoa- 
OTwaisHy amplify specific -DNA settjecsices 
and detocfc ifo® product of amplification 
both simplifies and improves PCR and 
may fsicilitote its atatOEiaaiiojni smd moire 
widespmead use in. tfiie clmic oh 1 ins otther 
safiaatom requmbrttg Jiigfe sample l&iroagSa- 
pwt 



"carryover" fftl*« positives in subsequent testing , 

rhese downstream processing steps would be eliuli- 
natect tf spedfic- amplification and detection of -amptfficd 
DNA took place simultaneously wthin an unopentd re- 
action vessel Assays m whkh such different processes take 
place without, the need to separate reaction components 
have been termed '\homogieneou5'\ >3o truly homoge- 
neous PGR assay has been demonstrated, to date, although 
progress towards this end has been reported. Chehab, et 
al. 1 *, developed a PCR product detection scheme using 
fluorescent primers that resulted in a fiuorcficetu PCR 
product AUctc-specific primers, each with different fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers must still be 
removed in a downstream process in order to visuatizc tthe 
result Recently, Holland, et al. k? , developed a« assay in 
which the endogenous 5' exdnudease assay of Tcq DNA 
polymerase was exploited to cleave a labeled oligonucleo- 
tide probe. The probe would only cfcave if PCR amp|i6- 
cation had produced its complementary sequence. In 
order to detect the dcavage product?, however, a subse- 
quent process w again needed. . _ 
We have developed a truly homogeneous assay for PCR 
and PCR product detection based upon the gready in- 
creased fluorescence that ethidrura bromide and other 
DNA binding dyes exhibit when they aie bound to.ds- 
DNA 14 ~ ie . As outlined in Figure 1, a prototypic PCR 



lthough the potential benefits of PCR 1 to cHn- 
tcal diagnostics are well kuowiy 7,8 , it i$ sull not 
widely used in this setting, even tliough it is 

JL four year* eiuco thcrmQi*abl« DNA potymer* 

aae** rnflde PCR practical. Some of the reasons for its slow, 
acceptance are high cost, lack of automation of pre^ and 
post-PCR processing steps, and false positive results, from 
carryover-contamination. The first two points arc related 
in that labor is the largest contributor to cost ait the present 
9tage of PCR development. Most current assays require 
bottic form of "downstream" processing once thermocy- 
ding is done in order io determine whether the target 
BNA sequence was present and has amplified. These 
include DNA hybridi^auon 3 ' 6 ^ gel efectophoreus with or 
without use of restriction digestion*;*, HPLCr, or capillary 
r.leoTophorcsU 10 . These methods are labor-intense, have, 
low throughput, and arc difficult to automate- The third 
point is aLo closely related to downstream processing. 
The handling of the PCR product in these downstream 
processes increases the chances that amplified DNA will 
spread through die typing lab, resulting in a risk of 
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(FTCOQE I Principle of simultaneous amplification and dcteaiOA of 
PCR product The component* of© PCReootainm^ EiBr that stc 
tiuorescpM are Hsted--£iBr itself, EtBr bound to other ssDN A or 
dsDN A. There vt a large fijjorcsecncc enhancexnent when EtBr is 
bound to DNA and hmdihg is greatly enhanced when DNA is 
doubk-stranded. After sumdent <n)..cyclcs of PCR^ the net 
increafte in d.iDNA results in additional EtBr Hading, and ft net 
increase in total fluorcsccncc 
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RS8fEa& 2 Gel electrophoresis of PCR Amplification products of the 
human r mtdcar gene, HLA DQtx, mad* in the pretence of 
increasing amounts of EtBr (up to S ng/tnl). The presence of 
EtBr has no obvious effect on the yield or specificity of amplifi- 
cation. 





3 (A) Fluorescence measurement* -from PC Its that contain 
0.5 (Jtg/oj EtBr and that are specific for Y~chrotno$omc repeat 
v^qoence*. Five replicate PCRs were begun containing each of the 
DNA* specified. At 'each indicated cycle, one of the five replicate 
PCRi for each DNA "was removed from therm ocy ding and it* 
fluorescence measured. Unit* of fluorcflccnce Aft arbitrary. (B) 
UV photography of PCR tubes (0.5 ml Eppcndorf-stylc, polypro* 
pylcne tntav^entrifugc tubes) committing reactions, those starts 
ing from 2 ng mate DNA Mid control reaction* without any DNA, 
from (A> 



begins with primers that are single-stranded DNA (ss- 
DNA), dNTPs, and DNA polymerase! An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from single-cell amounts of DNA 17 to 
micrograms per PCR^ 8 , If EtBr is present, the reagents 
that will fluoresce, in order of increasing fluorescence, are 
free ElBr itself, and EtBr bound to the single-stranded 
DNA primers and to the double-stranded target DNA (by 
its intercalauon between the stacked bases of the DNA 
doobk-hchx). After the first denatu ration cyde, target 
DNA will be largely single-stranded. After a PGR is 
completed, the most significant change is the increase in 
the amount of dsDNA (the PCR product itseif) of up to 
several micrograms. Formerly free EtBr is bound to the 
additional dsDNA 4 resulting in an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to ssDNA 
is much Jess than to dsDNA, the effect of this change on 
the total fluore$<xncc of the sample is small. The fluores- 
cence increase can be measured by directing excitation 
illumination through the walls of the amplification vessel 
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bclbrc and after, or even continuously during, thennocy- 
ding. 

RESULTS 

PCR in the presence of EtBr. In order to assess the 
affect of EtBr io PCR, amplifications of the human Hi *A 
DQfr g^ne >9 were performed with the dye present at 
concentrations from 0,06 to 8.0 a.g/ml (a typical concen- 
tration of EtBr used in staining of nucleic aads following 
gel elearophoresis is 0.5 ug/rnf). As shown in Figuxe 2, gel 
electrophoresis revealed little or no difference in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicate 
ing that EtBr does not inhibit PCR, 

Detection* of human ¥-chrt>mosoFiKD specific 
«pe$n>ces- Sequencer pecifi^ fluorescence enhancement of 
EtBr as a result of PGR was demonstrated in a scries of 
amplifications containing 0*5 u-gtal EtBr and primers 
specific to repeat DNA sequences found on the human 
y-chrotnosomc* 0 - These PCRs initially contained cither 
60 ng male, 60 ng female, 2 ng roak human or no DNA. 
Five rcplkat© PCRs were begun for each DNA* After 9 t 
17, 21 , 24 and 29 cycles of therniocyding, a PCR for cadi 
DNA was removed from the thermocyder, and its, fluo- 
rescence measured in a srxxtrofmorometex and plotted 
vs. amplification cyde number (Fig. 3 A). The shape of this 
curve reflects the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cyde number. 
As shown, the fluorescence increased about three-fold 
orex the background fluorescence for the PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained cither no 
DNA or human female DNA. The more male DNA 
present to begin with — 60 ng versus 2 ng— the fewer 
cycle* were needed to give a. detectable increase in fluo- 
rescence. Gel eleeinrohoresi* on the products of these 
amplifications showed that DNA fragments of the ex- 
pected sue were made in the male DNA containing 
reactions and that Utile DN A synthesis took place in the 
control samples. 

In addition, the increase in fluorescence was visualized 
by simply laying the completed, unopened PCRs or* a UV 
transilhiminatOT and photographing them through a red' 
filter. This is shown in figure SB for the reactions thai 
began with 2 ng male DNA and those with no DNA- 

Detection of specific alleles of tifcrc human £-globra 
gesae. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening, a dttccdon 
of the sickfe-ccll anemia mutation was performed* Figure 
4 shows the fluorescence from completed amplifications 

containing EtBr (0.5 i^g/ml) a« detected by photography 

of the reaction cubes on a UV cransilluminator. These 
reactions were performed using primers specific for ei* 
ther the wild-type or sickle-cell mutation of the human 
^lobin gene". The sr>ecifkity for each allele is imparted 
by placing the sickle-mutation site at the terminal V 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extension— and thus am* 
pliocaopr* — can take place only if the S' nucleotide of the 
primer is complementary to the p-giobin allele present* 

Each pair of ampl.tr)cations shown in Figure 4 consists of 
a reaction with either the wihtoypc allele specific (left 
tube) or skklc-allele specific (right tube) primers. Three 
different DNAs were typed: DNA from a homozygous, 
wild-type p-globin individual (A A); from a heterozygous 
sickle p^globin individual (AS); and from a homozygous 
sickle p-gio/bm individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) was analyzed m triplicate (3 pairs 
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f reactions each). The DNA .type was reflected in the 
!Uarive fluOrcJeexice intensities in each pair of completed 
^pltficatioiifi. There was a significant increase in fluores- 
cence only where a ^globin aDele DNA matched th€ 
orimcr set. When measured or a spectrofhioromctcr 
Mata n ot shown), this fluorescence was about three times 
j^t present in a PCR where both p-globm alleles were 
mismatched to the primer set. Gci efcetrophotes)* (not 
shown) established that this increase in fluorescence was 
due to the synthesis of nearly a microgram of a DNA 
fragment of the expected size for p^Iobin. There was 
litdc synthesis of dsDNA in reactions in which the aliele- 
^nedfic primer was mismatched to both alleles. 

Conttavora monxtovvnig of a IPGR. Using a fiber optic 
deviser k is possible to direct excitation illumination from 
j, spectrolluorometer to a PCR undergoing thermocycling 
B nd to rctirrn its fluorescence to the *pcdrofttfororoctey. 
The fluorescence readout of such an arrangement, di- 
ttctcd at an EtBr-concaining amplification of Y-chromo- 
some specific sequences from 25 ng ofWmap male DNA* 
is shown in Figure 5. The readout from a control J*CR 
villi no target DNA is also shown. Thirty cycles of PCR 
v erc monitored for each. 

The fluorescence trace as a function of time dearly 
shows the effect of the theraocyding. Fluorescence intcn- 
jdty rises and fails mvcpcJy with temperature. The fluo- 
rescence intensity is minimum at the denaturation tem- 
perature (*M°C) and maximum at die anneaUn^xtenston 
temperature (50°C). In the negative-control PCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty tbcrroocycte, indicating diat there is 
tittle dsDNA synthesis without the appropriate target 
DNA, and there is litdc if any Weaehing of EtBr during 
the continuous illumination of the sample. 

In the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4000 second* of thcrmocycling, and 
continue to increase with time, indicating that dsDNA is 
being produced at a detectable level. Note that the fluo- 
rescence minima at the denatuiatioo temperature, do not 
significantly increase, presumably because al this temper- 
ature there is no dsDNA for EtBr to bind- Thus the course 
of the amplification is followed by tracking the fluores- 
cence increase at the annealing temperature. Analysis of 
ihc products of these two amplifications by gel electropho- 
resis showed 5* DNA fragment of the eacpectcd size for the 
male DNA containing sample and no detectable DNA 
»ymhe*is for the control sample. 

DISCUSSION 

Downstream processes such as hybridization to a se- 
queuce^pedfic probe can enhance the specificity of DNA 
deieuuvu by FCR. The cliiijii>nt»ori of thcac proccoaca 
means that* the specificity of this homogeneous assay 
depends solely on that of rCR. In the case of sickle-cell 
disease, we have shown that PGR alone ha? sufficient DNA 
sequence specificity to permit genetic serening. Using 
appropriate amplification conditions, there is tilde ncm* 
specific production of dsDNA in the absence of the 
appropriate target allele. 

The specificity required to detect pathogens can be 
more or less than that required to do genetic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which TcquiTcs detection 
of a viraJ genome that can be at the level of a few copies 
per thousands of host cells 6 . Compared with genetic 
screening, which is performed on ceils containing at lean 
one copy of the target sequence* HIV detection requires 
both more specificity and the inptU of more total 
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UV photography of PCR tubes containing JunpEficaiiojis 
using EtBr that art specififce to viWkypc (A) or licxte (5) alleles of 
the human ^globin gene. The left of each pair of tubes contains 
aBele**pecific primers to die wild-type alleles, the rigKi lube 
primers to the sicWe attek. The photograph was taWn after SO 
cydes of PCR, amd Che input DN As and the alleles they contain 
are indicated- Fifty tog of DNA was used to begin PGR. Typing 
was done in triplicate (S pair* OF PCSU) for each mpm DNA: 
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5 Continuous real-time monitoring of a PCR. A fiberoptic 
was oscd to <»rry excitation light to a PCR m progress and also 
emitted light back to a flooromctcr (see Experimental Protocol). 
Annrffficadon a*iog human male- DNA spcafic primers in a PCR 
starting with 20 ng of human male DNA (top), or m a control 
PCR without DNA. (bottom), were- monitored. Thirty cydes of 
PCR were foliowed for each. The temperature cycled between 
94*C (denaturation) and 50*C (anuealiog and extensjouj, Notr in 
the male DNA PCR,. the cycle (time) oVptotfcm increase in 
fluorescence at the aoneaEag/cxtcDsion temperature 
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DNA — lip to microgram amount*-— in order to have suf- 
ficient numbers of target sequences. This large amount of 
starting DNA m an amplification sigrfii&caTttly increases 
the b3C%round fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication that ocean with targets in low 
copy-number is the formation of the * fc primer-dimer" 
artifact. This is the result of the extension of one primer 
using the other pnmcr as a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PCR amplification, and can compete with 
true PGR targets if those targets are rare. The primer- 
dimer product is of course dsDNA and thus is a potential 
source of false signal in this homogeneous &A$ay. 

To increase PCR specificity and reduce the effect of 
primer-dimcr amplification, we are investigating a num- 
ber of approaches, inciudtng the use of nested-primer 
amplifications that take place in a single tube 8 , and the 
'•hot-start", in which nonspecific amplification is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 23 . Preliminary resuks using these ap- 
proaches suggest thatT>rhncr-dikicT is effectively reduced 
and it is possible to delect the increase in Etfir fluores- 
cence in a PCR instigated by a single HIV genome in a 
background of 10 9 celts. With larger numbers of ccfl.% the 
background fluorescence contributed by genomic DNA 
becomes problematic. To reduce this background, it may 
be possible to use sequence -sped fie DN A-binding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product th rough a 5' "add-on" to 
the oligonucleotide primer*' 1 . 

We have shown that the detection of fluorescence 
generated by an EtBr-containing PCR is straightforward, 
both once PCR is completed and continuously during 
ihermoeyding. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The Huorescence analysis 
of completed PCRs is already possible with existing instru- 
mentation in 96-weJl format**. In this format, the fluores- 
cence in each PCR can be cjuantitated before, after, and 
even at selected points during thermocycilng by moving 
the rack of PCRs to a 96-rnicrowc.il plate fluorescence 
reader 5 * 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoptics transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number. Figure 3 shows that 
the larger the amount of starting target DNA, the sooner 
during PCR a fluorescence incrra.se is detected. Prelimi- 
nary experiments {Higuchi and Dollinger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
Vnowo — as n can be in genetic screcning-reontinuous 
monitoring may provide a means pf detecting false posi- 
tive and false negative results. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts* False negative 
results due to, for example, , inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker results in a 
fluorescence increase only after a large number of cy- 
cles—many more than arc necessary w> detect a true 



positive. If a sample fails to have a fluorescence increase 
alter this many cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls rnay 
be important. In any event, before any test based on this 
principle is ready for the clinic, an assessment of its false 
positive/false negative rates will need to be obtained using 
a large number of known samples. 

In summary, the inclusion m PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amplification from outside 
the PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR, 
in applications that demand the high throughput of 
sample);* 

EXPERIMENTAL PROTOCOL 

Hounam ge«e dmpHBcations containing EtBr. 

PCRs were set up in 1 0>0 14 volumes containing 1 0 mM Tris-HCh 
pH 8.3; 50 mM KCi; 4 mM MgO*: ?-$ unit* of too DNA 
Dolyiucfasc (FerVm«.£J*i*cr Cctua, Norwalk, CT); 20 prriole each 
of human HtA-DQa gene specific oligonucleotide primers 
GH26 and CH27 19 and approximately NT copies of DQfc PCfc 
product diluted from a previous reaction. Ethtdsum bromide 
(Et&n Sigma} w as used at the concentrations indicated in figure 
2. ThcTmocyding proceeded for 20 cycles in a model 480 
thcrmucydcr (Perkin-EJmcr Ccw, Norwalit, CT) using a "step- 
cycle" program of 94*C for 1 coStl- deaaturaUon and tHrC for "30 
sec annealing and 72°C for 30 sec. extension, 

Y-cbroDZBDsraK: specific PCR. PCRs (100 ul total reaction 
volume) containing vJ5 H*AoJ EtBr were prepared as described 
for HLA-DQct, except with dhTcrcnt primers and target DNAs. 
These PCRs contained 1 5 pmolc each male DNA-spCCtfic primes 
YI. ) and Vl.2*°, and cither 60 ng male, 60 og female, 2 ng male, 
or no human UNA. I^rmocycling was 94*CTor 1 rnin- and ©O^C 
for 1 min using a "stcp-cyde* p r og r a m- The number of cycles for 
a sample were as indicated in Figure 3. Fluorescence measure- 
ment is described below. 

Allck<*pecific, human {^gloWu. gcoe PCEL Amplifications of 
100 pi vplumc" »tmg 0-5 }tg/tn\ of ZtBr were prepared a* 
described for HLA^DQ* above except with different primers and 
target DNAs. These PCRs contained enW. primer pair HOPS/ 
ti$ HA <wft<Hype globin speciftc primers) or HOr2^ipHS <s«*- 
lc-riobin specific primers) at 10 pmole each primer per PCR. 
These jprimcrs were developed by Wu ct al 2 \ Three different 
Utgei DNA a were used m separate amplifications— 60 ng each of 
human DNA that was homozygous for the sicUte trait (SSJ* DMA 
that was heteraryRous for the skkle trak (A$>, or DNA that wits 
homozygous for uw w,t. ^lobin (AA). Thcrmocycfing was for SO 
cycles at 94^ for 1 min. and 55*C for 1 min. iisto* 9 *'^rtcpH^cfe* , 
program. An ajineaHng lempcrature of 55°C b^dl>ccn .Oiown try 
Wu et al* 21 to provide, allclc-spccifk atpplifieation- Completed 
PCRs were photographed through a red fitter {Wrattcn 23 A) 
after placing the reaction tube* atoti a model TM-S6 transSHunii- 
nator (UV-products Sah Gabrid, CA>. 

nuorescenee measnremettL Flworwcetwc mcasurcmentJt wet* 
made oh PCRs containing EtBr in a Fluorolog»2 EttoromCtcr 
(SPEX. £dison» NJ). txcitation was at the 500 nra band with 
ahour 2 nm bandwidth with a GG 4$S nm cut-ofT.^Uer Welles 
Crist Inc.. Irvine. CA) to exclude second-order light Emitted 
light was detected at 570 nm with a bandvfidd) of about 7 nm ; An 
OG 530 »m cut-off filter was used to remove the exchauon HgfrU 

ContinuouA mKMn&neenee monitoring of 1PCR, Ck>nrinuOus 
monitoring oiP a PCR in progress was accomplished using the 
Bpcctrcfluorometcr and setungB descrrbod above as well as a 
fiberoptic accessory <SP£X cat no. 1950) to both send cxatanou 
Rght to, and receive emitted light from, a PCR placed m a well o! 
a model 480 me^tnocyder (Perkm-Elmer Cetus). The probe end 
of the fiberoptic cable was attached with "5 mminc-cpcx)*" 1 10 the 
open top of a PCR tube (a 0.5 ml potvpropylcnc centrifuge robe 
with iis cap removed) effectively wealing k- The exposed tojpOJ 
ih% PCR tube and the end of the fiberoptic catfc were shielded 
from room light arid the room lights were kept dimmed during 
each nip. The moniuorcd PCR was an amplxhcauon of V-coto- 
mosomc-spccirk repeat se^oences a-i described above, except 
using . an annealing/extension temperature of 50°C. The reaction 
was oOvercd with jo>ij>eral oil (2 drops) to prevent evaporation. 
Thcrroocydirig and fluorescence incasurcment were started *~ 
multancously, A tune-base son with a 10 second uitcgradotli u?nc 
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uaft iiwsd And the «mb»Od signal was ratioed to' the excitation 
fiigDJtl to control foe changes in ]i§ht-*ourec Intensity. £tot»wcrc 
fleeted using the dniSOOOf, version 15 (SPEX) data system. 
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IMMUNO BIOLOGICAL LABORATORIES 



Trauma, Shock and Sepsis 




The CD-14 molecule is' expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for lipopotysaocharide 
(LPS) complexed to LPS-Binding-Protein (LBP). The 
concentration of its soluble form is aftered under 
certain pathological conditions. There, is evidence for 
an important role of $CD-14.with polytrauma, sepsis, 
burnings and inftammations. 
During septic conditions and acute infections ii seems 
to be a prognostic marker and is therefore of value in 
monitoring these patients. 



IBL offers an ELISA for quantitative determination of 

soluble CD-14 in human serum, -plasma, cell-culture 

supematants and other biological fluids. 

Assay features: 12x8 determinations 
(microliter strips), 
precoated with a specific 
monoclonal antibody, 
2x1 hour incubation, 
standard range: 3 - 96 ng/ml 
detection limit: 1 ng/ml 
CV: intra- and interassay < 8% 



For more information caH or fax 




GESELLSCHAFT FUR IMMUNCHEMIE UND -BIOL0G1E MBH 
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Wc have ejaSiaraced the polymerase chain 
ffeactiosa (PGR) such that sperafie BNA 
sequences caua be detected wiflfcro* ©pett- 
ing Ac reaction- tube* This eHabatocemeitot 
^eqiaires tflte addiniom ©J eiMdiumtbjrOTOide 
(EtBr) to a PCR* Since ftfoe fluorescence off 
EfcBir increases' axa tfbue presence of akwaMe* 
sHramded (ds) DNA sunt mcrease in flfaaotfes- 
cei&ce in such a PCR indlicates a positive 
amplification,' wMcHii casa be e&isily mniom- 
to*ed externally. In £a.dt, amplification cam 
be continuously m^iiitored in order to 
follow its progress. The ability to simultta" 
uneonsly ■ amplify specific B-NA sequences 
and detect the product of the amplificatioja 
both simplifies and improves IPCR and 
may facilitate its automaaioja and. suKMna 
widespmead use in the- clinic or in otbear 
situations requiring higb sample 
put 



"carryover" false positives in subsequent testing". 

These downstream processing steps wovW be elimi- 
nated if specific amplification and detection of amplified 
DMA took place simultaneously within an unopened re- 
action vessel Assays m which such different processes take 
place withotit.thc txctd to separate reaction components 
have been termed '1iomogeneoii5"\ No truly homoge- 
neous PGR assay has been demonstrated to date, although 
progress towards this end has been reported* Chehab, et 
al. 1 *, developed a FCR produa detection scheme using 
fluorescent primers that resulted in a fiuorcscent PGR 
product Alfcte-specific primers, each with different fluo- 
rescent tags, were used to indicate the genotype of th« 
DNA. However, the unincorporated primers tnust still be 
removed in a do wnstream process in order to visuaJizx tthe 
result. Reccndy, Holland, et al> 13 , developed a«-a«S->J 
:whkh the endogenous 5 r <;xc»nudease assay of Taq DNA 
pbtytnerase was exploited to cleave a labeled oligonucleo- 
tide probe. The probe would only cfcave if PCR axnptfh- 
cation had produced its complementary sequence. In 
OTder to detect the cJcavage products, however, a subse- 
quent process is again needed. . 

We have developed a truly homogeneous assay for PGR 
and PGR product detection based upon the gready in- 
creased fluorescence that ethidium btoinide and other 
DNA binding dyes exhibit when they are bound to.ds- 
DNA l4 ~ ie . As outlined in Figure 1, a prototypic PCR 
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Ithough the potential benefits of PCR to.cWn- 
tcal d^gnosdes arc well knowi^ s * s f it is still not 
* xx widely used in this setting, even tliough it is 
JL J ^- Four year* eiuco thcrn>Qmbl« DMA polymer* 
ase* 4 made PCR practical. Some of the reasons for its slow, 
acceptance are high cost, lack of automation of pre, and 
post*PCR processing steps, and false positive results, from 
carryovCT<ontanunarion. The Erst two points arc related 
in that labor is the largest contributor to cost at the present 
stage of PCR development. Most Current assays require 
some form of "downstream" processing once thertnocy. 
dbg is done in order to determine whether the target 
DNA sequence was present and has amplified. These 
include DNA hybridi^a'dort^, gel eJectrophomis with or 
without use of restriction digestion 7 ;*/ HPLC 9 , or capillary 
elemophorcsis 10 . These methods are labor-intense, have 
low throughput, and arc difficult to automate. The third 
point is abo closely related to downstream processing. 
The handling of the PC& produa in these downstream 
processes increases the chances that amplified DNA will 
spread through the typing lab, resulting in a .risk of 
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1 Principle of simultaneous amplification anddctecitOA of 
PCR product The component* of a PCR containing EiBr thai are 
6«oresow« are Hsted— EtBr itself, EtBr bound to other ksDN A or 
cUDNA. There it a lar^e n*uorc9cencc enhancement when EtBr is 
bound to PNA and bmdihir is ficady enhanced when DNA ,is 
double-stranded. After suftickmt <n>..cydcs of PGR* the net 
increase in daDNA resists in additional £t&r binding and «t net 
increase in total Akiomsccnce: 
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2 Gel electrophoresis of PCS. amplification products of ihc 
human, nuclear gene, HLA DQa, made in the presence of 
increasing amounts of EtBr (up to 8 ftg/ml). The presence of 
EtBr laa no obvious effect on the yield or specificity of amplifi- 
cation. 



A. 




B. 




O 17 21 25 29 ***** 
\ \ \ t / 




JTSfiSiSf $ (A) Fluorescence measurement* from PCRs that contain 
0.5 pgftnl EtBr and that are specific for Y^chrotnosoroc repeat 
sequences. Five replicate PCRs were begun containing each of tbe 
DNAs specified. At each indicated cyde, one of the five replicate 
PCRs for each DNA vras removed from therm ocy ding and H» 
fluorescence measured, Unit* of fluorescence aire arbitrary. (B) 
UV photography of PGR tubs* (0.5 ml Eppcndorfatylc, polypro- 
pylene mtcro<*htiif\igc :tubcs) con truing reactions, those starts 
ing from S ng male DNA And control reactions without any E)NA, 
from (A). 



begins with primers that are single-stranded DNA (as- 
DNA), dNTPs, and DNA polymerase^ An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from &ingrle-ceU amounts of DNA 1T to 
micrograms per PGR* 8 . If EtBr is present the reagent* 
that will fluoresce, in order of increasing fluorescence, are 
fixe ElBr itself, and EtBr bound to the single-stranded 
DNA primers ami to the double-stranded target DNA (by 
its intercalation between the stacked bases of tbe DNA 
doubJc-hciix). After the first denatu ration cyde* target 
DNA will be largely single-stranded. After a PGR is 
completed* the most significant change is the increase in 
tbe amount of dsDNA (tbe PGR product itself) of up to 
several micrograms. Formerly free EtBr is bound to the 
additional dsDNA* resulting in an increase in fluores- 
cence. There is also some decrease in tbe amount of 
ssDNA primer, but because the binding of EtBr to ssDN A 
is much Jess than to dsDNA, the effect of thb change on 
the total fluorescence of the sample is small. The fluores- 
cence increase can be measured by directing excitation 
iLIu mutation through the walls of the amplification vessel 



before and after, or even continuously during, thermocv 
ding. r 

RESULTS 

PGR in the presence of £tBr . In order to assess the 
affect of EtBr in PGR, amplifications of the human HLA 
DQjx gene 19 were performed with the dye present at 
concentrations from 0.06 to 8,0 iLgfml (a typical concen- 
tration of EtBr used in staining of nuctek acids foltowing 
get electrophoresis is 0.5 ug/mF). As shown in Figure 2, gel 
electrophoresis revealed little or no difference in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PGR. 

IDetectaoEt of hraxxnn Y-chromcwra<a sjpecalie s^- 
«jdodc«s. Sequence-specific fluorescence enhancement of 
EtBr as a result of PGR was demonstrated m a series of 
amplifications containing 0,5 ug/ml EtBr and primers 
specific to repeat DNA sequences found on the human 
Y -chromosome 20 - These PCRs initially contained cither 
60 ng male, 60 ng female, 2 ng roak human or do DNA. 
Five replicate PCRs were begun for each DNA* After 0, 
17, 21, 24 and 29 cycles of therniocyding, a PCR for each 
DNA was removed from the thermoeycler, and its fluo- 
rescence measured in a spectroflnoromeier and plotted 
vs. amplification cyde number (Fig. 3A), The shape of this 
curve reflects the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cyde number; 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not signifkandy increase 
for negative control PCRs, which contained cither no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus 2 ng — rhe fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gel dectiwnoresis w the products of these 
amplifications showed that DNA fragments of the ex- 
pected size were made in the male DNA containing 
reactions and that Kktle DN A synthesis took place in the 
control samples. 

In addition, the increase in. fluorescence was visualized 
by simply laying the completed, unopened PCRs on a UV 
transilhiminator and photographing them through a red' 
filter. This is shown in figure SB tor the reactions thai 
began with 5 ng mate DNA and those with no DNA- 

Deletion of specific alleles of the human $-glohin 
gewe. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening, a detection 
of the sieklc-cell anemia mutation was performed* Fi^tre 
4 shows the fluorescence from completed ampMta(io*» 

containing EtBr (0.5 i^g/ml) a* detected by photography 

of the reaction cubes on a UV transillaminaior. These 
reactions were performed using primer* specific for ei- 
ther the wild -type or sickk<eil mutation of the human 
p-globin gene* . The specificity for each allele is imparted 
by placing the sickk-inutation site at the terminal V 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extension — and thus an> 
plificatjpn— can take place only if the 3' nucleotide of the 
primer is coranlcmcntary to the 3-globin aUdc prescnt^^ 2 . 

Each jpair of ar»pltificadons shown in Figure 4 consists of 
a reaction with either the wild-type allele specific (left 
tube) or srcklc-aUele specific (right tube) primers. Three 
different DNAs were typed: DNA from a homozygous, 
wild-type $~globin individual (A A); from a heterozygous 
sickle p-gipbin individual (AS); and from a homozygous 
sickle p-gioWn individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) was analyzed m triplicate (3 pairs 
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reactions each). The DMA .type vas reflected in the 
rtJativc: fluorescence intensities in each pair of completed 
J^likcMioiis. There was a significant increase in fluores- 
cence only where a ^globin allele DNA matched the 
primer set. When measured on a spcctroflnoronietcr 
{data not shown) » this fluorescence was about three tiroes 
^at present in a PGR where both p-globm alkies were 
mismatched to the primer set. Gel electrophoresis (not 
shown) established that this increase in fluorescence was 
due to the synthesis of nearly a microgram of a DNA 
fragment of the expected size for p^lobin. There was 
litdc synthesis of dsDNA in reactions in . which the allele- 
^necinc primer was mismatched to both alleles* 

Continuous TOOwtorrog of a PCR* Using a fiber optk 
dcvkerii is possible to direct excitation illumination from 
j, spectro fl uoromete r to a PGR undergoing thcrmocycliog 
a^d to return its fluorescence to the fcpcctroftisororoctcr. 
The fluorescence readout of such an arrangement, di- 
rected at an EtBr-containing amplification of Y-chromo- 
some spcci6c sequences from 25 of human male DNA, 
is shown in Figure 5. The readout from a control fCR 
w iUi no target DNA is also shown. Thirty cycles of PGR 
were monitored for each- 

The fluorescence trace as a function of time dearly 
shows the elfect of the thermocyding. Fluorescence inten- 
sity rises and falls inversely with temperature The fluo- 
rescence intensity is minimum at the denaturation tem- 
perature (94°C) and maximum at the anntaUng^extension 
temperature (50X). In the negative-control PCR> these 
fluorescence maxima and oiinixoa do not change signifi- 
cantly over the thirty tbcrxnocycte, indicating that there is 
little dsDNA synthesis without the appropriate target 
DNA, and there is little if any bleaehing of EtBr durmg 
the continuous ilhimination Of the sample. 

Jn the PGR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4000 seconds' of therroocycling, and 
continue to increase with time, indicating that dsDNA is 
being produced ax a detectable level. Note that the fluo- 
rescence minima at the denaturatioo temperature do not 
significantly increase, presumably because ai thh temper- 
ature there is no dsDNA for EtBr to bind. Hius the course 
of the amplification is followed by tracking the fluores-. 
cence increase at the annealing temperature. Analysis of 
ihc products of these two amplifications by gd. electropho- 
resis showed * DNA fragment of the expected size for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sampfe. 

DISCUSSION 

Downstream processes such as hybridization to a se- 
quencenftpedflc probe can. enhance die specificity of DNA 
deceuuuu b> PGR. The cHri»ii»tx)n of U»tAc processes 
means that' the specificity of this homogeneous assay 
depends solely on ihat of FCfl* In the case of sicUe-celi 
disease, we have shown that P€Rak>oc has sufficient DNA 
sequence apedficky to permit genetic screening. Using 
appropriate amplification conditions, there is little non- 
specific production of dsDNA in the absence of the 
appropriate target allele. 

The specificity required to detect pathogens can be 
more or less than that required' to do genetic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which TcouiTcs detection 
of a viraJ genome that can be at the level of a few copies 
per thousands of host cells*. Compared with generic 
screening, which is performed on ceils containing at lean 
one copy of die target sequence* HIV detection requires 
both more specificity and the input of more »>ral 
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...... UV photography of PCR tubes containing amptfficatioiis 

using EtBr that are specific to wild-type (A) or sidOe (5) alleles of 
the human £-globin gene. The left of each pair of tubes contains 
aRele»*pccifie primers to the wild-type alleles, the rigKi tube 
primers to the sickte aflek- The photograph was ta&ch after SO 
cycles of PCR, antd the input DNAs ana the alkies they contain 
are mdscated. lag of DNA was used to begin PGR. Typing 
was done in triplicate <3 pairs of PCX's) for each input DNA 



25°C 



20 ng of male DNA 



25 c 




94 C 



no DNA control 
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0 2000 4£00 6000 8000 
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mVKSL S Continuous, real-time monitoring of a PCR. A fiber optk 
was oscd to carry excitation light to a K^R in progress and also 
emitted light back to a fluoromctcr (&cc Experimental Protocol). 
Amplification usiog human male- DNA specific pnmcn in a PQt 
Starting with 20 ng of human male DNA {(op), or jn a control 
PCft without PNA. (bottom), were, monhonrd. Thirty cydes of 
PGR were followed for each. The temperature cycled between 
94°C (denaturadon) and 50*C (anTiealiog and extension). Note in 
the male DNA. PGR,, the cycle (rime) dependent increase in 
fluorescence at the aorieaHng/extension temperature, 



FAGf 4/6 * RCVD AT 7/19/2004 3:10:03 PM pacific Daylight Time] * SVR:SVCS01/0 * DNIS:6638 * CS1D:650 952 9881 ' OPTION fnKS):N4S 



JUL- 19-2004 13:5E FRQM:GENEI 



I! 



Is 
ig i 
J? 

II: 



1- >[■ 



i 



8 



1 

P 




EGftL 650 95E 9881 



DNA — up to microgram amounts-Hii order to have suf- 
ficient numbers of target sequences. This large amount of 
starling DNA m an amplication sig&ifcc&ntty increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication that ocean with targets *m low 
copy-number h the formation of the **primer-dimer" 
artifact. This is the result of the extension of one primer 
using the other primer as a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PCR amplification, and can compete with 
true PGR targets if those targets are rare. The primer- 
dimcr product i$ of course d$DNA and thus is a potential 
source of fake signal in this homogeneous a*$ay. 

To increase PCR specificity aad reduce the effect of 
primer-dimcr arriplification, we are investigating a num- 
ber of approaches, including the use of nested-primer 
amplifications that take place in a sin^c tube 8 , and the 
'Tiot -start", in which nonspecific amplification » reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 2 *. Prcdhninary resufts usbg these ap- 
proaches suggest that •pruncr-diioeT is effectively reduced 
and it is possible to oetect the increase in EiBr fluores- 
cence in a PCR instigated by a single HIV genome in a 
background of 10 s cedts. With larger number^ of ccMs, the 
background RuoTcsccnce contributed by genomic DNA 
becomes problematic- To reduce this baclcgrouDd, it may 
be possible to use seqxience-specific DNA-binding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by incorporating the dye-bmding DNA 
sequence into the PCR product through a 5' "add-on" to . 
the oligonucleotide primer* -1 . 

We nave shown that the detection of fluorescence 
generated by an EtBr-containing PCR is straightforward, 
both once PCR is completed and continuousHy during 
ihermocycling. The ease with which automation of spe> 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The Huorescence analysis 
of completed PCRs is alrc^ypoasibfc with exfetiqg instru- 
mentation in 96 -veil format . In this fonnat, the fluores- 
cence in each PCR can be cjuantitated before, after, and 
even at selected points during thermocyciiiig by moving 
die rack of PCRs to a 96-microwcJl plate fluorescence 
reader 40 . , 

The in$trumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle, 
A direct extension of the apparatus used here is to have 
multiple fiberoptics transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may aHow quan- 
titation of target UNA copy number. Figure 3 shows that 
the larger the amount of starting target DNA, the sooner 
during Pf.R a fluorescence increajic is detected. Prelimi- 
nary experiments ^Higuchi and Dollinger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
known — as it can be in genetic screening-reontinuo\is 
monitoring may provide a means of detecting false posi- 
tive and false negative result*. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after, that 
cycle would indicate potential artifacts* False negative 
results due to, for example*. inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker tcsuIu in a 
fluorescence increase only after a large number of cy- 
cles — many more than arc necessary to cteiect a true 
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positive. If a sampJc fails to have a fluorescence increase 
alter this many cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may ; 
be important. In any event before any test based on this 
principle is ready for the duuey an assessment of its false 
positive/false negative rates will need to be obtained using 
a large number of known samples. 

In summary , the inclusion in PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect spcci&c DNA amplification from outside 
the PCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the high throughput of 
samples. 

EXPERIMENTAL PROTOCOL 

Hiamam amplications cfratainiag EtQr. 

PCRs were set up in 100 (*I volumes confining 10 mM Tris-HCK 
pH 8.3; 50 mM KCI; 4 raM MgC^: S-5 units of tea DNA 
polymerase (PfcrVm*£)rncr Genu, Norwalfc, CT); 20 prriole each 
of human HlA-DQa gene specific oligonucleotide primers 
GH26 and CH27 19 and approximately 10* copies of BQ& PCR 
product diluted from a previous reaction. Ethidium bromide 
(EtBVr; SigtwO was used M the concentrations indicated in Figure 
2. Thcrmocyding proceeded for 20 cycles in a model 4$0 
uScrmocyctcr (Perkrn-EJmcr Ccw, Norwialk, CT) using a "stcp- 
cyclc" program of 94*C for 1 ram.- dcnaturaiion and (KrO for $0 
sec annealing and 72°C for 30 sec. extension). 

Y-cbtroimwomc specific PCR. PCRs {J00 \il total reaction 
volume) containing U J> EtBr were prepared as described 

For HLA-DQo, except with different primers and target DNAs. 
These PCRs contained 1 5 pmok each male DNA^pccific primes 
YI. 1 and V 1.2 40 , and chhcr 60 ng roaJc, 60 tig female, 2 ntg male, 
or do human 1>NA. Thermocycling was- JH'Ctor t min- and $0X 
for J mm using a "step-cycle* program. The number of cycles for 
a sample were as indicated in Figure 3. Fluorescence measure- 
ment ix described below. 

AllcJc-spccitficv huxn&m 0-gtoMn ^ros PGR* Amplifications of 
100 jl] vpJumc wring 0-5 M-g'ml of ZtBr were prepared 
described for HLA-OQoi above accept Tvith different pri»>cr» and 
target DNAfi. These PCRs comained e^uW. pirimcr pair HOPS' 
HP 14 A {wBd^ype glo»>i« specific primer*) or HOmipHS <skk- 
lc-Rlobin spedfic primers) ac 10 pmoJe each pnmcr per PCR. 
Tke primers were developed by Wu ct at 21 . Three diucrenit 
tatgei DNA* were used in separate a mpltficatkmsr-^50 ng each of 
human DNA that was homozygous for the *itUlc trait <55). DNA 
that was heterozygous for the stdtle watt (AS)» or DNA that 
homozygous for Ute V(. globin (AA). Thcrmocycfing was for SO 
cycles at *TC for 1 mm. ami ft5*C for 1 min. usi»| a "ncjHcy&r 
program. An anneaHng temperature of 55°C had been shown vy 
Wo et al. 21 to provide, aildc^pceinc awpliftcation. Gorapletcd 
PCR« were photographed through a red fitter {WraUenJttA) 
after placing the reaction tubes atop a model TM-36 transiminu- 
nator (U V-products Satv Gabriel, CA), 

nitorescenee weasnremcm. Fl«otesce»we rocasurcraen is went 
made or* PCRs containing EtBr in a Fiuorolog.2 flOoromctCT 
(SPEX. Edison, NJ). txcitation was at the &Q0 ran band wiw 
Ahour 2 ntn bandwidth with a GG 43S nm oit-off.gter JMclles 
Grist. Inc.. Irvine. CA) to exclude sccrjnd-order light. E*nrited 
light was detected at 5 70 nm with a band width of about 7 nrn- An 
OG 530 urn oK-off filter was used to remove the excitation hgM. 

C^atiouom ffhtorancenco; monitoiring of PGR, Coimnuous 
monitoring of a PCR in progress was accomplished usmg tnc 
spcctronuoromeicr and settings descrtbed above as well as a 
fSeroptic accessory <SF£X cat- no. 1950) to both send excitajjon 
light to, and receive emitted light from, a PCR placed in a wcU oJ 
a model 480 ihrj-mocydcr (Pertin-Elmer Cetus). The probe end 
of the fiberoptic cable was attached with "5 rnmute-cpoxy" to 
open top of a PCR tube (a 0.5 ml poivyrop^ein 1 centrifuge woe 
with iis cap removed) effectively scaling it. The exposed top <rj 
the PGR tube and the end of the fiberoptic cabhi were sbjeWoo 
from room light and the rooro lights ^erc kept dimmed durmg 
each run. The monitored PCR was an aiwplHtcauOn of V-cIjto- 
rrKwomc-spccirk repeat seqweuces ai described above, c»cei>t 
using an anneaKng^extensjon temperauire of BOX. The reaction 
was covered with jo>ixttr*l oil (2 drops) to prevent evaporation. 
Themocydirig and fluorescence rocasuremcnt were started 
multancousty. A time-base son with a 10 second integration tone 
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;a* uwscl And the emfcwion signal was ratiocd to' the excitation 
ngtud to control for change* in li^ht-iourec intercity, Data were 
fleeted using the dniSOOOf, version 15 (SPEX) data system. 
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IMMUNO BIOLOGICAL LABORATORIES 



Trauma, Shock and S 



The CD-14 molecule is' expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for rpopotysaccharide 
(LPS) complexed to LPS-8inding-Protein (IBP). The 
concentration of its soluble form is aftered under 
certain pathological conditions. There- is evidence tor 
an important roie of $CD-14.with polytrauma, sepsis. 
burning$ and inflammations. 
During septic conditions and acute infections it seems 
to be a prognostic marker and is therefore of vaJue in 
monitoring these patients. 




IBL offers an ELISA for quantitative determination of 

soluble CD-14 in human serum, -piasma, ceil-cutture 

supernatants and other biological fluids. 

Assay features: 12x8 determinations 
(microtfter strips), 
precoated with a specific 
monoclonal antibody, 
2x1 tour incubation, 
standard range: 3 - 96 ng/rm 
detection limit: 1 ngftnl 
CV: intra- and interassay < 8% 



For more information cat! or fax 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J. Livak, Susan J.A. Flood, Jeffrey Marmaro, William Ciusti, and Karin Deetz 

PerkJn-Elmer, Applied Biosystems Division, Foster City, California 94404 



The 5' nucleate PCR assay detects the 
accumulation of specific PCR product 
by hybridization and cleavage of a 
double-labeled fluorogenk probe 
during the amplification reaction. 
The probe Is an oligonucleotide with 
both a reporter fluorescent dye and a 
quencher dye attached. An Increase 
In reporter fluorescence Intensity In- 
dicates that the probe has hybridized 
to the target PCR product and has 
been cleaved by the 5' -*3' nucle- 
olytlc activity of Taq DNA polymerase. 
In this study, probes with the 
quencher dye attached to an Internal 
nucleotide were compared with 
probes with the quencher dye at- 
tached to the 3 '-end nucleotide. In all 
cases, the reporter dye was attached 
to the 5' end. All Intact probes 
showed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3 r - 
end nucleotide exhibited a larger sig- 
nal In the 5' nuclease PCR assay than 
the Internally labeled probes. It Is 
proposed that the larger signal Is 
caused by Increased likelihood of 
cleavage by Taq DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3 '-end nucleotide also exhibited 
an Increase In reporter fluorescence 
Intensity when hybridized to a com- 
plementary strand. Thus, oligonucle- 
otides with reporter and quencher 
dyes attached at opposite ends can 
be used as homogeneous hybridiza- 
tion probes. 



homogeneous assay for detecting 
the accumulation of specific PCR prod- 
uct that uses a double-labeled fluoro- 
genic probe was described by Lee et al. (1) 
The assay exploits the 5'-* 3' nucle- 
olytic activity of Taq DNA poly- 
merase (2,3) and is diagramed in Figure 1. 
The fluorogenk probe consists of an oli- 
gonucleotide with a reporter fluorescent 
dye, such as a fluorescein, attached to 
the 5' end; and a quencher dye, such as a 
rhodamine, attached internally. When 
the fluorescein is excited by irradiation, 
its fluorescent emission will be 
quenched if the rhodamine is close 
enough to be excited through the pro- 
cess of fluorescence energy transfer 
(FET). (4 - 5) During PCR, if the probe is hy- 
bridized to a template strand, Taq DNA 
polymerase will cleave the probe be- 
cause of its inherent 5' -» 3' nucleolytic 
activity. If the cleavage occurs between 
the fluorescein and rhodamine dyes, it 
causes an increase in fluorescein fluores- 
cence intensity because the fluorescein 
is no longer quenched. The increase in 
fluorescein fluorescence intensity indi- 
cates that the probe-specific PCR product 
has been generated. Thus, FET between a 
reporter dye and a quencher dye is criti- 
cal to the performance of the probe in 
the 5' nuclease PCR assay. 

Quenching is completely dependent 
on the physical proximity of the two 
dyes. <6) Because of this, it has been as- 
sumed that the quencher dye must be 
attached near the 5' end. Surprisingly, 
we have found that attaching a rho- 
damine dye at the 3' end of a probe 
still provides adequate quenching for 
the probe to perform in the 5' nuclease 



PCR assay. Furthermore, cleavage of this 
type of probe is not required to achieve 
some reduction in quenching. Oligonu- 
cleotides with a reporter dye on the 5' 
end and a quencher dye on the 3' end 
exhibit a much higher reportex fluores- 
cence when double-stranded as com- 
pared with single-stranded. This should 
make it possible to use this type of dou- 
ble-labeled probe for homogeneous de- 
tection of nucleic acid hybridization. 

MATERIALS AND METHODS 
Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used in this 
study. Linker arm nucleotide (LAN) 
phosphoramidite was obtained from 
Glen Research. The standard DNA phos- 
phoramidites, 6-carboxyfluorescein (6- 
FAM) phosphoramidite, 6-carboxytet- 
ramethylrhodamine succinimidyl ester 
(TAMRA NHS ester), and Phosphalink 
for attaching a 3'-blocking phosphate, 
were obtained from Perkin-Elmer, Ap- 
plied Biosystems Division. Oligonucle- 
otide synthesis was performed using an 
ABI model 394 DNA synthesizer (Applied 
Biosystems). Primer and complement 
oligonucleotides were purified using 
Oligo Purification Cartridges (Applied 
Biosystems). Double-labeled probes were 
synthesized with 6-FAM-labeIed phos- 
phoramidite at the 5' end, LAN replacing 
one of the T's in the sequence, and Phos- 
phalink at the 3' end. Following de- 
protection and ethanol precipitation, 
TAMRA NHS ester was coupled to the 
lAN-containing oligonucleotide in 250 
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FIGURE 1 Diagram of 5' nuclease assay. Stepwise representation of the 5' - 3' nucleorytk ac- 
^ of r4S5^ym«»e acting on a fluorogenic probe during one extens.on phase of POL 



mM Na-bicaibonate buffer (pH 9.0) at 
room temperature. Unreacted dye was 
removed by passage over a PD-10 Sepha- 
dex column. Finally, the double-labeled 
probe was purified by preparative high- 
performance liquid chromatography 
(HPLC) using an Aquapore C 8 220x4.6- 
mm column with 7-\im particle size. The 
column was developed with a 24-min 
linear gradient of 8-20% acetonitrile in 
0.1 m TEAA (triethylamine acetate). 
Probes are named by designating the se- 
quence from Table 1 and the position of 
the LAN-TAMRA moiety. For example, 
probe Al-7 has sequence Al with LAN- 
TAMRA at nucleotide position 7 from the 
5' end. 



PCR Systems 

All PCR amplifications were performed 
in the Perkin-Elmer GeneAmp PCR Sys- 
tem 9600 using 50-pJ reactions that con- 
tained 10 mw Tris-HCl (pH 8.3), 50 nw 
KC1, 200 jjlM dATP, 200 u,m dCTP, 200 u,M 

dGTP, 400 m-M dUTP ' 05 unlt of ^P^" 
ase uracil N-glycosylase (Perkin-Elmer), 
and 1.25 unit of AmpliTaq DNA poly- 
merase (Perkin-Elmer). A 295-bp seg- 
ment from exon 3 of the human p-actin 



gene (nucleotides 2141-2435 in the se- 
quence of Nakajima-1l|ima et al.) (7) was 
amplified using primers AFP and ARP 
(Table 1), which are modified slightly 
from those of du Breuil et al. (B> Actin am- 
plification reactions contained 4 mM 
MgC! 2 , 20 ng of human genomic DNA, 
50 nM Al or A3 probe, and 300 nM each 



primer. The thermal regimen was 5(f C 
(2 min), 95°C (10 min), 40 cycles of 95*C 
(20 sec), 60°C (1 min), and hold at 72°C. 
A 515-bp segment was amplified from a 
plasmid that consists of a segment of X 
DNA (nucleotides 32,220-32,747) in- 
serted in the Smal site of vector pUC119. 
These reactions contained 3.5 mM 
MgCljp 1 ng of plasmid DNA, 50 nM P2 or 
P5 probe, 200 nM primer F119, and 200 
nM primer R119. The thermal regimen 
was 50°C (2 min), 95°C (10 min), 25 cy- 
cles of 95°C (20 sec), 57X (I min), and 
hold at 72°C. 



Fluorescence Detection 

For each amplification reaction, a 40-pJ 
aliquot of a sample was transferred to an 
individual well of a white, 96-well micro- 
titer plate (Perkin-Elmer). Fluorescence 
was measured on the Perkin-Elmer Taq- 
Man LS-50B System, which consists of a 
luminescence spectrometer with plate 
reader assembly, a 485-nm excitation fil- 
ter, and a 515-nm emission filter. Excita- 
tion was at 488 nm using a 5-nm slit 
width. Emission was measured at 518 
nm for 6-FAM (the reporter or R value) 
and 582 nm for TAMRA (the quencher or 
Q. value) using a 10-nm slit width; To 
determine the increase in reporter emis- 
sion that is caused by cleavage of the 
probe during PCR, three normalizations 
are applied to the Taw emission data, 
First, emission intensity of a buffer blank 
is subtracted for each wavelength. Sec- 
ond, emission intensity of the reporter is 



TABLE 1 Sequences of Oligonucleotides 



Name 


Type 


F119 


primer 


RU9 


primer 


P2 


probe 


P2C 


complement 


P5 


probe 


P5C 


complement 


AFP 


primer 


ARP 


primer 


Al 


probe 


A1C 


complement 


A3 


probe 


A3C 


complement 



Sequence 



ACCCACAGGAACTGATCACCACTC 
ATGTCGCGTTCCGGCTGACGTTGTGC 
TCGCATTACTGATCGTl'GCCAACCAGTp 
GTACTGGTTGGCAACGATCAGTAATGCGATG 
CGGA'ITTGClXXjTATCTATGACAAGGATjp 
TTCATCCTTGTCATAGATACCAGCAAATCCG 
TCACCCACACTGTGCCCATCTACGA 
CAGCGGAACCGCrCATTGCCAATGG 
ATCCCCTCCCCCATGCCATCCTGCGBP 
AGACGCAGGATGGCATGGGGGAGGGCATAC 

CGCCCTGGACrTCGAGCAAGAGATj) 
CCATCTCTTGCTCGAAG TCCAGGGCGAC^ 

^Hgonucleotide used in this study, the nucleic add sequence is * w ^^f u 5 
s' -3' direction There are three types of oligonucleotides: PCR primer, fluorogenic P™"*£ 
I ^e^^Issay, and complement used to 
probes, the underlined base Indicates a position where IAN with TAMRA attached was 
tuted for a T. (p) The presence of a 3' phosphate on each probe. 
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A1-2 RAQGCCCTCCCCCATGCCATCCTGCGTp 

A1-7 RATGCCCQC'CCCCATGCCATCCTGCGTp 

A1 -1 4 RatgccctcccccaQgccatcctgcgtp 

A1 -1 9 RatgccctcccccatgccaQcctgcgtp 

A 1-22 RATGCCCTCCCCCATGCCATCCQGCGTp 

A1 -26 RatgccctcccccatgccatcctgcgQp 



Probe 


518 run 


582 nm 


RQ- 


RQ* 


ARQ 




no temp. 


♦ temp. 


no temp. 


+ temp. 








A1-2 


-25.5 ± 2.1 


32.7 ±1.9 


38.2 + 3.0 


38.2 ±2.0 


0.67 + 0.01 


0.B610.OS 


0.1910.06 


A1-7 


53.514.3 


395.1 ±21.4 


10B.5±6.3 


11 0.3 ±5.3 


0.49 ±0.03 


3.5810.17 


3.09 ±0.18 


A1-14 


127.0 ±4.9 


403.5 ±19.1 


10B.7±5.3 


93.1 ±6.3 


1.16 ±0.02 


4.34 ±0.15 


3.1810.15 


A1-19 


187.5 ±17.9 


422.7 ±7.7 


70.3 ±7.4 


73.0 ±2.8 


2.67 ±0.05 


5.80 ±0.15 


3.13 + 0.16 


A 1-22 


224.6 ±9.4 


482.2 ±43.6 


100.0 ±4.0 


96.2 ± 9.6 


2.25 ± 0.03 


5.02 ±0.11 


2.77 ±0.12 


A1-26 


160.2 ±8.9 


454.1 ±18.4 


93.1 ±5.4 


90.7 ±32 


1.72 ±0.02 


5.01 ±0.08 


3.29 ±0.08 



FIGURE 2 Results of 5' nuclease assay comparing p-actin probes with TAMRA at different nucle- 
otide positions. As described in Materials and Methods, PCR amplifications containing the in- 
dicated probes were performed, and the fluorescence emission was measured at 518 and 582 nm. 
Reported values are the average! 1 s.D. for six reactions run without added template (no temp.) 
and six reactions run with template ( + temp.). The RQ ratio was calculated for each individual 
reaction and averaged to give the reported RQ" and RQ + values. 



divided by the emission intensity of the 
quencher to give an RQ ratio for each 
reaction tube. This normalizes for well- 
to-well variations in probe concentra- 
tion and fluorescence measurement. Fi- 
nally, ARQ is calculated by subtracting 
the RQ value of the no-template control 
(RQ") from the RQ value for the com- 
plete reaction including template 
(RQ*). 

RESULTS 

A series of probes with increasing dis- 
tances between the fluorescein reporter 
and rhodamine quencher were tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease PCR as- 
say. These probes hybridize to a target 



sequence in the human p-actin gene. 
Figure 2 shows the results of an experi- 
ment in which these probes were in- 
cluded in PCR that amplified a segment 
of the fJ-actin gene containing the target 
sequence. Performance in the 5' nu- 
clease PCR assay is monitored by the 
magnitude of ARQ, which is a measure 
of the increase in reporter fluorescence 
caused by PCR amplification of the 
probe target. Probe Al-2 has a ARQ value 
that is close to zero, indicating that the 
probe was not cleaved appreciably dur- 
ing the amplification reaction. This sug- 
gests that with the quencher dye on the 
second nucleotide from the 5' end, there 
is insufficient room for Taq polymerase 
to cleave efficiently between the reporter 
and quencher. The other five probes ex- 
hibited comparable ARQ values that are 



clearly different from zero. Thus, all five 
probes are being cleaved during PCR am- 
plification resulting in a similar increase 
in reporter fluorescence. It should be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 
in Figure 2 (data not shown). Thus, even 
in reactions where amplification occurs, 
the majority of probe molecules remain 
uncleaved. It is mainly for this reason 
that the fluorescence intensity of the 
quencher dye TAMRA changes little with 
amplification of the target. This is what 
allows us to use the 582-nm fluorescence 
reading as a normalization factor. 

The magnitude of RQ" depends 
mainly on the quenching efficiency in- 
herent In the specific structure of the 
probe and the purity of the oligonucle- 
otide. Thus, the larger RQ~ values indi- 
cate that probes AM4, Al-19, Al-22, and 
A 1-26 probably have reduced quenching 
as compared with Al-7. Still, the degree 
of quenching is sufficient to detect a 
highly significant increase in reporter 
fluorescence when each of these probes 
is cleaved during PCR. 

To further investigate the ability of 
TAMRA on the 3' end to quench 6-FAM 
on the 5' end, three additional pairs of 
probes were tested in the 5' nuclease 
PCR assay. For each pair, one probe has 
TAMRA attached to an internal nucle- 
otide and the other has TAMRA attached 
to the 3' end nucleotide. The results are 
shown in Table 2. For all three sets, the 
probe with the 3' quencher exhibits a 
ARQ value that is considerably higher 
than for the probe with the internal 
quencher. The RQ - values suggest that 
differences in quenching are not as great 
as those observed with some of the Al 
probes. These results demonstrate that a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiendy the 



TABLE 2 Results of 5' Nuclease Assay Comparing Probes with TAMRA Attached to an Internal ot 3'-terminal Nucleotide 
518 nm 582 nm 



Probe 


no temp. 


+ temp. 


no temp. 


+ temp. 


RQ" 


RQ + 


ARQ 


A3-6 
A3-24 


54.6 ± 3.2 
72.1 ± 2.9 


84.8 ± 3.7 
236,5 ± 11.1 


116.2 ± 6.4 
84.2 ± 4.0 


115.6 ± 2.5 
90.2 ± 3.8 


0.47 ± 0.02 
0.86 ± 0.02 


0.73 + 0.03 
2.62 ± 0.05 


0.26 ± 0.04 
1.76 ± 0.05 


P2-7 
P2-27 


82.8 ± 4.4 
113.4 + 6.6 


384.0 ±34.1 
555.4 ± 14.1 


105.1 ± 6.4 
140.7 ± 8.5 


120.4 ± 10.2 
118.7 ±4.8 


0.79 ± 0.02 
0.81 ± 0.01 


3.19 ± 0.16 
4.68 =t 0.10 


2.40 ± 0.16 
3.88 ± 0.10 


PS-10 
P528 


77.5 ± 6.5 
64.0 ± S.2 


244.4 ± 15.9 
333.6 ±12.1 


86.7 ± 4.3 
100.6 ± 6.1 


95.8 ± 6.7 
94.7 ± 6.3 


0.89 ± 0.05 
0.63 ± 0.02 


2.55 ± 0.06 
3,53 ± 0.12 


1.66 ± 0.08 
2.89 ± 0.13 



I 

I 

jk Reactions containing the indicated probes and calculations were performed as described in Material and Methods and in the legend to Fig. 2. 
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fluorescence of a reporter dye on the 5' 
end. The degree of quenching is suffi- 
cient for this type of oligonucleotide to 
be used as a probe in the 5' nuclease PCR 
assay. 

To test the hypothesis that quenching 
by a 3' TAMRA depends on the flexibility 
of the oligonucleotide, fluorescence was 
measured for probes in the single- 
stranded and double-stranded states. Ta- 
ble 3 reports the fluorescence observed 
at 518 and 582 nm. The relative degree 
of quenching is assessed by calculating 
the RQ ratio. For probes with TAMRA 
6-10 nucleotides from the 5' end, there 
is little difference in the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides. The results 
for probes with TAMRA at the 3' end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic increase in RQ. We 
propose that this loss of quenching is 
caused by the rigid structure of double- 
stranded DNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there is a marked Mg 2 * effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg* + concentra- 
tion. With TAMRA attached near the 5' 
end (probe Al-2 or Al-7), the RQ value at 
0 mM Mg 2 *" is only slightly higher than 
RQ at 10 mM Mg 2 *. For probes AM9, 
Al-22, and Al-26, the RQ values at 0 mM 
Mg* + are very high, indicating a much 



reduced quenching efficiency. For each 
of these probes, there is a marked de- 
crease in RQ at 1 mM Mg 2 * followed by 
a gradual decline as the Mg 2+ concen- 
tration Increases to 10 mM. Probe Al-14 
shows an intermediate RQ value at 0 itim 
Mg 2 * with a gradual decline at higher 
Mg 2 * concentrations. In a low-salt en- 
vironment with no Mg 2+ present, a sin- 
gle-stranded oligonucleotide would be 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg 2 * ions acts to 
shield the negative charge of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
the 3' end is close to the 5' end. There- 
fore, the observed Mg 24 " effects support 
the notion that quenching of a 5' re- 
porter dye by TAMRA at or near the 3 r 
end depends on the flexibility of the oli- 
gonucleotide. 

ddsojssdon 

The striking finding of this study is that 
it seems the rhodamlne dye TAMRA, 
placed at any position In an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein (6-FAM) placed at 
the 5' end. This implies that a single- 
stranded, double-labeled oligonucle- 
otide must be able to adopt conforma- 
tions where the TAMRA is close to the 5' 
end. It should be noted that the decay of 
6-FAM in the excited state requires a cer- 
tain amount of time. Therefore, what 



TABLE 3 Comparison of Fluorescence Emissions of Single-stranded and 
Double-stranded Fluorogenic Probes ^ 



518 nm 



582 nm 



RQ 



Probe 



Al-7 

Al-26 

A3-6 

A3-24 

P2-7 

P2-27 

P5-10 

P5-28 



ss 


ds 


ss 


ds 


ss 


ds 


2775 


68.53 


61.08 


138.18 


0.45 


0.50 


43.31 ' 


509.38 


53.50 


93.86 


0.81 


5.43 


16.75 


62.88 


39.33 


165.57 


0.43 


0.38 


30.05 


578.64 


67.72 


140.25 


0.45 


3.21 


35.02 


70.13 


54.63 


121.09 


0.64 


0.58 


39.89 


320.47 


65.10 


61.13 


0.61 


5.25 


27.34 


144.85 


61.95 


165.54 


0.44 


0.87 


33.65 


462.29 


72.39 


104.61 


0.46 


4.43 



(ss) Sinale-stranded. The fluorescence emissions at 518 or 582 nm foi solutions containing a final 
concentration of 50 hm indicated probe, 10 mM Tris-HQ (pH 8.3), 50 mM KG, and 10 mM MgCI 2 . 
(ds) Double-stranded. The solutions contained, in addition, 100 nM A1C for probes Al-7 and 
Al-26 100 nM A3C for probes A3-6 and A3-24, 100 nM P2C for probes P2-7 and P2-27. or 100 DM 
PSC for probes P5-10 and P5-28. Before the addition of MgC1 2 , 1 20 ul of each sample was heated 
at 95°C for 5 min. Following the addition of 80 *U of 25 mM MgCl 2 , each sample was allowed to 
cool to room temperature and the fluorescence emissions were measured. Reported values are 
the average of three determinations. 



matters for quenching is not the average 
distance between 6-FAM and TAMRA 
but, rather, how close TAMRA can get to 
6-FAM during the lifetime of the 6-FAM 
excited state. As long as the decay time of 
the excited state is relatively long com- 
pared with the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
end, or any other position, can quench 
6-FAM at the 5' end because TAMRA is in 
proximity to 6-FAM often enough to be 
able to accept energy transfer from an 
excited 6-FAM. 

Details of the fluorescence measure- 
ments remain puzzling. For example, Ta- 
ble 3 shows that hybridization of probes 
Al-26, A3-24, and P5-28 to their comple- 
mentary strands not only causes a large 
increase in 6-FAM fluorescence at 518 
nm but also causes a modest increase in 
TAMRA fluorescence at 582 run, If 
TAMRA is being excited by energy trans- 
fer from quenched 6-FAM, then loss of 
quenching attributable to hybridization 
should cause a decrease in the fluores- 
cence emission of TAMRA. The fact that 
the fluorescence emission of TAMRA in- 
creases indicates that the situation is 
more complex. For example, we have an- 
ecdotal evidence that the bases of the 
oligonucleotide, especially G, quench 
the fluorescence of both 6-FAM and 
TAMRA to some degree. When double- 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factor causing the quenching of 
6-FAM in an intact probe is the TAMRA 
dye. Evidence for the importance of 
TAMRA is that 6-FAM fluorescence 
remains relatively unchanged when 
probes labeled only with 6-FAM are used 
in the 5' nuclease PCR assay (data not 
shown). Secondary effectors of fluores- 
cence, both before and after cleavage of 
the probe, need to be explored further. 

Regardless of the physical mecha- 
nism, the relative independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the 5' nuclease 
PCR assay. There are three main factors 
that determine the performance of a 
double-labeled fluorescent probe in the 
5' nuclease PCR assay. The first factor is 
the degree of quenching observed in the 
intact probe. This is characterized by the 
value of RQ " , which is the ratio of re- 
porter to quencher fluorescent emis- 
sions for a no template control PCR. In- 
fluences on the value of RQ" include 
the particular reporter and quencher 
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FIGURE 3 Effect of Mg 2+ concentration on RQ ratio for the Al seiies of probes. The fluorescence 
emission intensity at 518 and 582 nm was measured foT solutions containing 50 nM probe, 10 mM 
Trls-HCl {pH 8.3) r 50 mM KCl, and varying amounts (0-10 mM) of Mgd 2 . The calculated RQ 
ratios {518 nm intensity divided by 582 nm intensity) are plotted vs. MgC! 2 concentration (mM 
Mg). The key (upper right) shows the probes examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the 
probe. The second factor is the efficiency 
of hybridization, which depends on 
probe T ral presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Taq DMA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter arid quencher 
dyes drastically reduce the cleavage of 
probe/ l) 

The rise in RQ' values for the Al se- 
ries of probes seems to indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al-26). This is 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher at the 3 f end is freer to adopt 
conformations close to the 5' reporter 
dye than is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ~ values 
is less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ" than the in- 
ternal TAMRA probe. For the P2 pair, 
both probes have about the same RQ~ 
value. For the P5 probes, the RQ" for the 
3' probe is less than for the internally 
labeled probe. Another factor that may 
explain some of the observed variation is 
that purity affects the RQ~ value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ". 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe A 1-2, where place- 
ment of the TAMRA on the second nu- 
cleotide reduces the efficiency of cleav- 
age to almost zero. For the A3, P2, and PS 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not Increase when the quencher is 
placed closer to the 3' end. This illus- 



trates the importance of being able to 
use probes with a quencher on the 3' 
end in the 5' nuclease PCR assay. In this 
assay, an increase in the intensity of re- 
porter fluorescence is observed only 
when the probe is cleaved between the 
reporter and quencher dyes. By placing 
the reporter and quencher dyes on the 
opposite ends of an oligonucleotide 
probe, any cleavage that occurs will be 
detected. When the quencher is attached 
to an internal nucleotide, sometimes the 
probe works well (Al-7) and other times 
not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe is being cleaved 3' to 
the quencher rather than between the 
reporter and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct in the 5' nuclease PCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms of hybridization efficiency. The 
presence of a quencher attached to an 
internal nucleotide might be expected to 
disrupt base-pairing and reduce the T m 
of a probe. In fact, a 2°C-3°C reduction 
in T m has been observed for two probes 
with internally attached TAMRAs. (9) This 
disruptive effect would be minimized by 
placing the quencher at the 3' end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of Increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This, tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-amplified products 
from samples of different species. Also, it 
means that cleavage of probe during PCR 
is less sensitive to alterations in an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. Lee 
et al. (1> demonstrated that allele-spedfic 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AFS08 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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the 5' end and were designed so that any 
mismatches were between the reporter 
and quencher. Increasing the distance 
between reporter and quencher would 
lessen the disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect target. Thus, probes 
with a quencher attached to an internal 
nucleotide may still be useful for allelic 
discrimination. 

In this study loss of quenching upon 
hybridization was used to show that 
quenching by a 3' TAMRA is dependent 
on the flexibility of a single-stranded oli- 
gonucleotide. The increase in reporter 
fluorescence intensity, though, could 
also be used to determine whether hy- 
bridization has occurred or not. Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite ends 
should also be useful as hybridization 
probes. The ability to detect hybridiza- 
tion in real time means that these probes 
could be used to measure hybridization 
kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid- 
ization assays for diagnostics or other ap- 
plications. Bagwell et al.° 0) describe just 
this type of homogeneous assay where 
hybridization of a probe causes an in- 
crease in fluorescence caused by a loss of 
quenching. However, they utilized a 
complex probe design that requires add- 
ing nucleotides to both ends of the 
probe sequence to form two imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide and a quencher dye to the other 
end generates a fluorogenic probe that 
can detect hybridization or PCR amplifi- 
cation. 
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Quantitative nucleic acid sequence analysis has 
had an important role in many fields of biologi- 
cal research. Measurement of gent expression 
(RNA) has b««n used extensively In monitoring 
biological responses lo various stimuli flan ct al. 
1994; Huanft el al. 1995a,b; Prud'homme et al. 
1995), Quantitative gene analysis (DNA) has 
Ix-eii used \o dttii&rmirte the genome quantity of a 
particular gene, as in the case, ot the human >/JiK2 
gene, which Is amplified in -30% of breast tu- 
mors (Marnon ct al. 1987). Gene and genome 
quantitation (DNA and UNA) also have been used 
for analysis of human immunodeficiency virus 
(lllV) buTden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; Platak ct al. ivv:sh; 
Pintado et al. IVVb). 

Many methods have been described for the. 
quantitative analysis ot nucleic acid sequences 
(holh for RNA and DNA; Southern i\>f!>; Sharp ct 
al. 1980; Thomas 1980). Recently, PCR has 
proven to be a powerful tool for quantitative 
nucleic acid analysis. PCJR and reverse transcrip- 
tase (KT)-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has made, pos- 
sible many experiments that could not hove been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 
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that \\ be uavU properly for quantitation (tt»«y* 
maekm 1W5). Many early reports of quantita- 
tive. PCR and RT-PCR described quantitation of 
the PCR product but did not measure the initial 
target sequence, quantity, ll is essential to design 
proper controls for the quantitation of the initial 
target sequences (Pcrrc 1992; Clement! ct al. 
100?.) 

Ki-Nttirchcxs havt» developed several methods 
of quantitative PCR and RT-PCR, One approach 
measures PCR product quantity in the log phase 
of the reaa inn bcfoTe the plateau (Kellogg et al. 
1990; Pang et a). TWO). This method requires 
that each sample has equal input amounts of 

. nucleic add and that each sample under analysis 
amplifies with identic efficiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tained in iili samples at relatively constant quan- 
tities, such as p-AOlln) turn be us«d for sample. 
tt »i|jliTication efficiency normalization, Uslntf 
conventional methods of PCR detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for both the. taTgcl gene and the 
normalization gene). Another method, quantita- 
tive competitive (QCH**, has been developed 
and is used widely for PCR quantitation. QC-PCR 
relics on the inclusion of an internal control 
competitor in each reaction (Becker-Andre 1991: 
Plaiak el oh I993«,b). The efficiency of each re. 
action is normalised to the internal competitor. 
a wnnwn amount of Internal competitor can be 
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added to each sample. To obtain relative rp limi- 
tation, the unknown target PGR product is com- 
pared witli the known competitor IK'IM product. 
.Success of a quantUaHvc competitive VCU assay 
relics on developing an internal control Ihnl am- 
j *1 i TiL-rs with the same efficiency as the luigel mol- 
ecule. The design of the competltoi <u id the vali- 
dation of amplification efficiencies, jequire a 
dedicated effort. Howevci; because QC-r<:R does 
nut require that PCM pitxlucls be anidy*«d during 
the loj; phase of Ibe. amplification, it 5s the. cosier 
of the iwn methods to u$c. 

Several detection system* uie uMtd for quan 
Utative l'CR and RT-1»C!W analysis; (1) agarose 
gels, (2) fluorescein labeling of Kill product* and 
dc tec l Ion with Inncrr- induced fluorcAeviiec using 
capillary elcctrophoTcaia (huseo et al. 199$; Wil- 
liams ei al. 1996) or acrylaniidc gels, and (3) jihite 
capture, and sandwich probe hybrid \m\hh\ (Mul- 
der et al. 1994). Although these methods pmvrd 
successful, each method Tcqulrcs post -l'CR ma- 
nipularlons That acid time, to the analysis ami 
may lead to hibmatuty i oulnuilnation. The 
.sample throughput uf Iboe method* i> limited 
(with the »-xt.c:pilon of the plate capture ap- 
proach), nnd, tliKrt-.fnre., these mclhocU. ore not 
well >uilr.d ft" u>o demanding high snmplc 
Throughput (I.e., screening of large numbers of 
1 jIoiiiwltrvulcN oi uu<ity/.ln^ .l^mptira i'ws diagiK-n- 
llc* or clinical triaUs), 

I lore we report the development of ii novel 
assay for quantitative DNA analysis. The assay is 
bei^ed on th* usr/«>r the 5' nuclease assay first 
described by Holland et al. (1993). The method 
uses il is -V n uc. lea .ic. Atrtlvlty of 7Vi</ pt;lyine.ra.ic t<i 
cleave a non extendible, hybridl/juion probe dur- 
ing thr extension phase of T*OK- The Approach 
tiaes dual-la bclcd fluorogcnic hybridisation 
probes (Lcc et nJ. 1 S>^>3; Jtuaslcr ct al. ]9f 3; hlvah 
ct al. l$96o,b). One fluorescent dye nvrve-a n» a 
reporter |FAhrJ (i.e., 6-Ciirbpxyfluon:$vcin)| and its 
emission spectra is quenched by the second fluo- 
rft.icr.ni dye., TAMRA (I.e., O-carboxy-tetramethyl- 
rhodaminc). The nuclease degradation of the hy- 
brldl/urlon probe releases the quenching "i" ll^c 
I'AM fluorescent emission, resulting in an In- 
crease In peak fluorescein eniisaJon at run. 
The use of a sequence detector (AUl I'rism) iillowa 
measurement of fluoreNcimt .spectra of all 96 wells 
uf The thermal cycler continuously during the 
rCK amplication. Therefore, the reaction* aje 
monitored in real lime. The. output data is de- 
scribed and quantitative analysis of input Uigel 
I )NA sequences L5 discussed below. 



RESULTS 



PCR Product DerecTlon in R*mJ Time 

The gonl was to develop a high-throughput, son- 
?:itiw, and accurate gene quant hat Inn assay for 
use In monitoring lipid mediated thewapeu Tit- 
gene delivery. A plasmld unending human factor 
VUl gCiie sequence, pI'8TM (soo. Methods). w;is 
uaed as a model therapeutic ge.Me.. The assay use* 
fluorescent Taqman methodology and an instru- 
ment capable of measuring fluorescence in real 
time (AD1 Prism 7700 Sequence TVtrelnr). Ph; 
Taqman reaction requires a hybridization pmbe 
lalxdcd witli two different fluorescent dyes. One 
dye li a report vr dy« (l'ANd), the other is ^ quench- 
ins dye (TAMRA). When the pruU: i.s intact, fluo- 
icstcnt ct^icrgy transfer occurs and the reporter 
dye fluorescent emi.vsion is absorbed by the 
quenching dye (TAMRA) . During the extension 
pha.se of the PCK cycle, th<? .fluorescent hyhrid- 
Ixallon probe Is cleaved by the S'-.T nuclcolytic 
activity of the DNA polymerase. 0i» cleavage of 
the probe, the reporter dye emission is no longer 
tran.nfcrrcd efficiently to the quenching dye, re 
suit it *K b» in crease of the report or dye ftuores;- 
cvnt cnii.^lcjii fcp^Ctra. VC1X primers and probe* 
vtvre denial ieil fc»* lliu human factor VI 1 J se- 
quence and human p-«e.tln gene. (a».% dc^crihfcd in 
Methods). Optimization reaction* were per- 
formed to choose the appropriate probe and 
-magnesium concentration* yielding the behest 
Intensity of reporter fluorescent signtil without 
yticrlfJcing specificity. The instrumeni uses a 
chavKc-couplcd device (i.c„ CCD camera) for 
measuring the fluorescent emission apeetm from 
. r j0O t<> fi50 nm, ICach rc;it tube wa» monitored 
seijueiitiftlly ft^r 25 rn.Hvu with etMitlnuous jnoni- 
toijng throughout tin: aiii]>lifieulit>i'j. Uftch tube 
wa.n rr.-cxan lined every tl.S »ee. Ct»mputcr X>H- 
wnre. was designed u» examine the fluorescent In- 
tensity of both the reporter dye (PAM). and 
the quenching dye (TAMRA). 'J'he llnore.sc.crtt 
intensity of the quenching dy« # 'PAMUA, ehtuiges 
very linlft over the course of the PCR ampllfh 
cation (data not shown). Therefore., the Intensity 
of TAMHA dye omission serv^ as au internal 
.nlomJurd with which to notntully-e the reporter 
dye. (1 : AM) emission variations. The software cal- 
culates ti value termed AKn (or AIWJ) ufling the. 
following equation: ARn - (Iln J ) (nn"), where 
Kn 4 • enhXMlun inlensily of reporter/emission in- 
tensity of quencher at any given time In a roue 
rlon tube, and Rai r- emUsion intwrutity of re- 
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poncr/cmlssion Inu-miiy i»f quencher measured 
prior 10 1'CH amplilication in that same reaction 
tube. For the purpose of quantitation, the U.m 
three data points (AKns) collected during The ex* 
tension step for each I J CK cycle were analyzed. 
The nticleolytic degradation of the nyoruh^tion. 
probe occurs during the extension phase or pui, 
and, therefore, reporter fluorescent ainaMun in- 
creases during this time, 'Jin: Uuw data points 
were averaged for cacJi KIk cycle and the uivhii 
value for each was ploTted in an "amplication 
plot" shown in J1«urc 3 A. The AKn mean value is 
plOUed on the ^axis, and Time, represented by 
cycle number, is plotted on the*-axi&. During the 
early cycUw uf the PCR amplification, th* ARn 



value remains at bas* line When sufficient hy- 
bridist Ion probe has hocn cleaved hy tin.' Tttt] 
ix>iymerasc nueifcAfiG activity, the intensity of ro- 
porU-r fluorescent emission increttbie*.. MoM l>0U 
aniplir^4»ljons reach platc&u phaw of reporter 
fHiujiwuiii emission if the n-Huliun Is carried out 
to high cycle uiuiibcis. The amplification plot lfii 
examined tvi ly in lh* reaction, at a point that 
icpjosenls iIk- log phas'o of product arrwnula* 
lion. This is done hy ussifinlng an arbiUa/y 
threshold thai i.s based on the variabilily of the 
base-line dyU- In Vig\m\ 1 A, the IhrfAhold whs set 
at in standard deviations above, the mean of 
base line emission calculated from i.yi;lo 1 lo 1 5. 
Once the threshold is chosen, the point at which 
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Figure 1 



PCR product detection in real time. (*) The Model 7700 >ufiware will consiruct amplification , plots 
from the extension phase fluorescent emission data collected during the PCR amplification. The ^ndard de- 
Son i 52SSi5lr«n the data points co..cct«d from U» base line of the ampll k >uon pi*. L ^ are 
calculated bv determining the point at which the fluorescence exceeds a threshold limit (usually 10 times ine 
si an dard deviaUon of the base Vine). (Q Overlay of amplification plots of serially (1 :2) diluted human genormc 
oZ .ZtrZlZ*^ with p-actin primers. (Q Input DNA concentration of «hejamplas ^^Cj^ 
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the amplification plot crobsea the threshold' ivcte 
fined as C P C, is reported aft I he cycle number u\ 
this point. At; will be demons! rut ud, llu* C\ t .valor 
in pi edict) ve of the quantity of input turgc.t. 

Cj Values Provide a Quantitative Measurement. o>' 
Jnpur Targer Sequences 

Pig life 1R shows amplification ploU of lii-dilfci-- 
enl PGR amplifications overlaid, 'Hie ampliftcu* 
tions were performed on a 1:2 serial dilution trf 
human genomic 1WA. 'J*hc amplified tarsal w:u 
human P nctin. The amplification plotK Khifl to 
the right (to higher threshold cycles) ns the input 
target quantity is reduced. 'Jive is expected ho. 
cama nmctioriK with fewer starting copinx of the 
target molecule require greater amplification to 
degrade enough probe to attain the threshold 
fluorescence. An arbitrary threshold of 10 stan- 
dard deviations above the base line was used to 
determine the G r values. Figure 1C represents the 
C T values plotted versus the sample dilution 
value. Each dilution was amplified in triplicate 
PCM amplifications* and plotted as mean values 
with error ban representing one standard devia- 
tion. The C-r values decrease* linearly with increas- 
ing target quantity, Thus, C r values am be used 
as a quantitative measurement of tlio input target 
number. It should be noted that the amplifica- 
tion plot for the 15.6-ng sample shown In l'lguro 
IB does not reflect the same fluorescent rate of 
increase exhibited by most of the other samples. 
'Hie 15.6-ng sample also achieves mdpolni pla- 
teau at a lower fluorescent value than would he 
expected based on the input PNA. This phenom- 
cnon has been observed occasionally with other 
sample..*; (data not shown) and may be attribut- 
able to late, cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
that the flattened slope and early plateau do not 
impact significantly the calculated value as 
demonstrated by the fli on Die line .shown in 
Figure 1 C. All triplicate amplification*- resulted in 
very similar d- values— the standard deviation 
did not exceed 0.5 for any dilution. This experi- 
ment contains a > ] 00,000-fold range of Input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
.quantitation. The linear range. ol iluoresccnt in- 
tensity measurement of the. AIM Trlsm 7700 Se- 
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ments over n very larjr*e t^iij>i» of rfUlivo -ciarMnp, 
tar^t-i quantities. 

Sample Preparation Validation 

Several parameters influence the oillc-W : wry uf 
pc:u amplification: magnesium and sail conccu : 
tratioit*, reaction conditions (i.e., tone and tem- 
perature), PCU target size and composition, 
primer sequences, and sample purity. All of The 
above (actors are. common to a single PCK assay, 
except sample to sample purity, in an effort to 
validate the. method of sample preparation for 
the iactor VJ11 assay, PCK amplification reproduc 
ihility and oJficiency ol JO replicate sample 
pw-| jurat inns were, examined. After genomic ONA 
was prepared from the 10 replicate samples, the 
DNA was qunntUatcd by ultraviolet spectroscopy, 
Amplifications were performed analyzing p-nciln 
gene, content in 100 and 25 ng of total genomic 
UNA. Each J'CR amplification was performed in 
triplicate. Comparison of C r values for each 1 rip- 
licate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Tabic 1). I^bercforc, each o! the triplicate PCU 
amplifications was highly reproducible, demon- 
strating that real time PCK using this instrumen- 
tation introduces minimal vari-itinn into the. 
quantitative VCIK analysis. Comparison of the. 
mean C n values of the 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for ft-nctin gene quantity. The highest C. T 
difference between any of Mie samples was 0.85 
and 0.73 for the ](X) and 25 ng samples, respec- 
tively. Additionally, the. amplification of each 
sample exhibited an equivalent rate of fluores> 
cent emission intensity change per amount of 
DNA target analyzed ns indicated by similar 
slopes derived from the sample dllmions (Pig. 2). 
Any sample containing an excess of a VCM inhibi- 
tor would exhibit a greater measured p-actin G r 
value for a given quantity of DNA. In addition, 
the Inhibitor would be diluted along with tint 
.sample in the dilution analysis (l"ig, %) t altering 
the expected C r value change. Each sample am- 
plification yielded a similar result in the, analysis, 
dcmomlraiing that this method of .sample prepa- 
ration is highly reproducible*, with regard to 
sample purity. 

Quantitative Analvsis of a Plasmid After 

7ncft no/ AfcR w J «c:bt 7nn7/cn/7T 
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Table 1. Reproducibility of Sample Preparation Method 



1 



7 
8 
9 
10 

Mean 



100 ng 



Samplo 

no. C T 



standard 
m£an deviation 



CV 



18.24 
18.23 
19.33 
18.33 
18.35 

18.3 
1o.3 

18.15 

18.23 

18.32 

T8.4 

18.38 

18.46 

18.54 

18.67 

19 

18.28 

18.36 

18.52 

18.45 

18.7 

18.73 

18.18 

18.34 

18.26 

18.42 

18.57 

18.66 

(1 10) 



10.27 0.0$ 



1RA7 0.06 



18.34 
18.23 



18.39 



115.55 
18.12 



0.07 



0.08 



10.12 0.01 



18.71 0,21 



0.12 



18.63 0.16 



18.29 0.1 



0.12 
0.17 



0.32 

03? 

0.36 

0.46 

0.23 

1.26 

0.66 

0,83 

0.5* 

0.65 
0,90 



20.48 

20.55 

20.5 

20.61 

20.59 

P0.41 

20.54 

20.6 

20.49 

20.48 

20.44 

20.38 

20.68 

20.87 

20,63 

21,09 

21.04 

21.01 

20.67 

20.73 

20.65 

20.96 

20.84 

20.75 

20.46 

20.54 

20.48 

20.79 

20.78 

20.62 



25 ng 



standard 
mean deviation 



20,51 



?0.54 



20.4 3 



20.73 



20.68 



20.51 

20.73 
2U.66 



0.03 
0.11 



20.54 0.06 



0.05 



0.13 



21.06 0.03 



0.04 



20.86 0.12 



0.07 

0.1 
0.19 



cv 

0.17 

0.54 

0,28 

0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

0.16 
0,91 



(or containing a partial cDNA for human factor 
VIII, pl ; 8TM. A scries of transections was sot 
op using a decreasing amount of the plasinid\40, 
4, 0.5, and 0.1 u,g). 1*wt-,my-rour hours post- 
Irmijtfcrtinn, total Tt)N?A was purified from each 
flask uf crib. p-Avlin gene ijuauULy wa* chux*n as 
a value foe nocmalikat inn oC genomic ONA con- 
centration from each sample. In this cxpniment, 
p-acrin gene content should' remain constant 
relative to roral genomic DNA. Figured shows Ujc 
result of (he p-actln UNA measurement (300 jig 
total D'NA determined hy ultraviolet spectros- 
copy) Oi each sun/pie. Kach sample Wfts analyzed 
in triplicate and the mean p-actm C r values of 
the triplicates were plotted (error bars represent 
/-.^rt rf-jv, ( inrri rHw%/ii»i »r»ni 'I h*» htPh#*KT <iiffrrmrn 

o r r» fv*i 



beiw^wii any two sumplo moans was U.*>5 C,, Ten 
nanograms of total UNA of each sample were also 
examined for 0-actln. Hie results ngum showed 
that very similar amounts of genomic 1.5NA were 
present; the. maximum mean fi actio C;, value 
difference wa.s 1.0. As Figure 3 shows, the rate of 
P-actln C r diiingv between the 100 and 10-ng 
sample* was similar (slope values r;mg« butwoen 
3,56 and - 3.45). TVn\% verifies again ihni ihi: 
method of .sample preparation yields sampltss of 
Identical PCR integrity (i.o~, no sample contained 
tin excessive amount of a VCR Inhibitor). How- 
ever, these results indicate that cue)) sample con- 
tained slight diffcienc.es in the actual amount of 
genomic ONA analysed. Determination of actual 
vuuuiJik* ONA concentration wos accomplished 




From : BML PHONE No. : 310 472 0905 Dec. 05 2002 12:24RM P16 



»1 Al IIMI- QUANTITATIVE PCI? 



r 





Z1£ 




21- 










> 


















16 



1.3 1.4 




i,e i»o i.7 ijj i-B 
log (ng input genomic DMA) 



Figure 2 Somple preparation purity, 1 he replicant 
samples shown In Table 1 woro also amplified .In 
tripicate using 25 ng of each DNA sample. The fig* 
ui* shows the input DNA concentration (100 and 
25 ng) vs. C, In iru* ligurp. ih*> ion and Pf> ng 
poffHS for «aeh sample are connected by a line. 



by plot ling the mean (J-actio value obtained 
for i*ach 100- xig saiuplv on p-aciln standard 
c-urve (shown tr: J'$H- 40). The actual genomic 
ONA concent ra1 1 <>>' of each sump]*:, f, was ob 
tallied by extrapolation to tf ii: * 

Figure 4 A allows the .measured n«iV 
normalised) qimiililie.N of factor VJJJ plnjonid 
ONA (pJtTTM) from each of th« four transient cell 
Uimsfectlons. Each reaction contained 100 ng of 
lota! sample DNA (as determined l>y UV spectro*- 
copy). Vjxch sample w;is analyzed in triplicate 



2S 
23 



21 



20 



V 2773 j ^MVrll- \ 




pFSTM transfaclo d 

-» - 4.0jtg 
• 0 J |tg 
A 0.1 fig 



i 



12 



1.8 



?-3 



1.4 1-t* 
log (ng input DNA) 

Figure 3 Analysis* of licinsfectcd cdl DNA quantity 
and purity. I lie DNA preparations of the four 293 
eel! transactions (40, 4, 0.5, and 0.1 of pF8TM) 
were analyred for the 0-actln gene. TOO and 10 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pFSTM that was transferred, the p-aciln 
C T values are plotted versus the total input DNA 



TCifc amplifications. As shown, pl'BTM purified 
-fitjir Jbc 293 cells decreases (mean C, values in- 
eru:t*ej with decreasing amounts of plasm id 
arumis'Ucd. The mc*» t*-i values obtained for 
pFbTM inTlgure 4A were plotted ojj ;i standard 
curve comprised of seiiully diluted pFHTM, 
shown .in figure 4R. The quunUly uJ plWM, b, 
foujad in each of the four transections was de- 
termined by extrapolation to the x axis of the 
standard curve In l'igurc 411. T)»rse. uncorrected 
values, h, for pVHTM were nor mailed to del er- 
mine the actual amount of pl'8'lM fuuml pur 100 
rin »f genomic DNA by using the equation:. 

{> x TO O nft ^ actual pI'B'lTvl copies oer 
T 100 ng of genomic 1>NA 

where a actual genomic DNA in u sample and 
b «- pPH'lTvl copies from the gtandnrd curve. *Il»c 
notmidir-cd quantity of pt'6TM per 100 ng of ge- 
nomic DNA for each of the four Irnnftfcctlona to 
shown ill Hgure 4JJ. 'iliast: rciulU a how ihat the 
CjunntJty of factor Vlll plasndd iissovJuteO wiih 
tjlC cells, 24 hr nftcr irum'fw.licjn, di:ui:.JSe.s 
with dccreushi); pJrt>inuJ un intimation u.sed in 
the tramfcrtion. The quantity of pl'tt'J'W n«oeJ- 
uicu with 293 cells, after irunsfcalon with 40 ^ig 
of pii^niid, was 35 pg per 100 ng y^Tiuirilc 1>NA* 
Tills results in -520 plassnikl copies per cell. 



DISCUSSION 

Wo have described a now method for qua nth ni- 
iu£ gene copy numbers using real-time ami lysis 
of PCX amplifications. Real-time PCK is t:t>mpai- 
lble with cither of the two PCR (l(T-PCR) ap- 
proache^: (1) quantitative competitive wlicrc an 
internal competitor for each target sequence in 
used for noiTDali nation (dato not shown) or (2) 
quai i titaiive comparative PCH usluy a iiiiunciii^ci- 
tioTi gene contained within the sample (i.e., (3-ac- 
tin) ox a "housekeeping" gene, for KT-l'CK, If 
equal amounts of nucleic ueid are analyzed for 
e.at:tt sample and if the ampllfli:aUun effitir.nc.y 
hefore quantitative aziaiysb ^ identical for each 
.sample, the Internal con I mi (nwj mcili^iliou jjene 
or competir(Jr) should K ,vt: ^*q»«* mk* 1 ^* ^ 
snniplcs. 

The real-time PCU method (jffcrs several ad- 
vzuitagcs over tlic other twtj methods currently 
employed (sec Ibc Introduction), l-irst, the Teal- 
time PCR method is performed in a doscd-tube 
system and requires* no pnst-PCR marti|>ulatlon 
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Figure 4 Quantitative analytic of pF8TM in transfected cells. (A) Amount of 
plasmid DNA used for I he UunsfecWon plotted against the mkuim C, value deter- 
minod for pffiTM remaining ^ br after trensfection. (0,Q Standard curves of 
pf.ftTM and £-A<tlr>, respectively. pf 8TM ON A (0) and genomic L>NA (Q were 
diluted iArlally 1 :5 before Amplification with the approprinte primers. The fi-actin 
standard curve way usod to normalise the results of A to 1 00 tuj of genomic DNA. 
(0) The amount of pF8TM present per 100 ng of genomic DNA. 



of sample. Therefore, I he potent in) for rCIl con- 
tamination in the lahi>r>iu>ry is reduced because 
Amplified product* cam be analysed and disposed 
of without opening the ruaction tubes. Second, 
(his method suppoi Ls the um; of a imrm;i1ixiith>il 
gene (i.e., ji-flctin) for quantitative. PGR or house- 
keeping genes for tioantitatWc RT-1'CK controls. 
Analysis is performed in real time during the Jog 
phase of product Accumulation. Analysis during 
)uk phase permits many different genes (over a 
wide input target range) to be analyzed simulta- 
neously, without concern of reaching reaction 
plateau at different cycles, This will malic mull I- 
gene analysis assays much casta i iv develop, be- 
cause individual internal i.umpeiltois will not be- 
ne eded for coch gene under analyst*. Third, 
sample throughput will inuease dramatically 
with the new method because, there is no poM- 
V(Mi procc.-tsing time. Additionally, writ king hi a 
'J6-we.ll format is highly compatible with auto* 
iiiation technology, 

The real-time PGR method is highly repro- 
ducible. Replica i e. amplifications can be analysed 



for wh sample minimizing potential error. The. 
system allows' i"c>t a very large assay dynamic 
runge (approaching 1,000,000 -fold Mailing Uti- 
got). UejIiiH u .standard curve for the. target oi in- 
terest, relative copy number values can be deter- 
mined for any uiiknuwu ?»un)uic» fluorescent 
threshold values, C |V contdair. linearly with rela- 
tive 1>NA copy numbers. Heal time quantitative 
KT-'PCJK methodology (C^lbsoji et ah, this i.wuft) 
has also bee.n developed. Finally, real time quan- 
titative I*CU methodology can be used to develop 
high-ihroughput screening assay* for a variety of 
applications [quantitative gene CApjcaaiuu (KT- 
TCft), gene copy nanays (Ucr2, HIV, etc.)* jgeno- 
typlng (knockout mouse, analysis), and )niniutu>* 

renj. 

Real-time P(!U may al.w he performed using 
jntcrcalniing dyo.s (Higuc.hi et al- such as 

ci-hJdium bromide. The fluorogenic probe, 
method offers a major advantage over inter- 
calating dyes— -great ex specificity (i.e., primer 
dimvrs and nonspecific PCR products are. not de- 
levied). 
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Generation of <t Plasmld Containing a Partial 
cDNA far Human Factor VIII 

Total KNA w<*> JuirvcMcd (UN Awl U from Tel Test, inc., 
hnendswood, TX) from ev)l> lt-.wfcclctl with a foetur VI It 
exjirvasJuu vector, pC:iS2.tk*ft&l> (Katun vl id. WHO; Gor. 
ninn c.i al. 1900), A factor VIII partial chNA wpiemv WAS 
^-iterated by irr PGU- '|Gi.neAnip It/ (Tlh ItNA IT.U Xll 

(pan nwmwiv/9, AppheO Uio&ysiciw, Vostvi Ghy, t^)J 

u»lng Ok- Peril |?i*iu)vfx IVfor wiul l*fl/c v < primer &rqneiice* 

are shown below), Hie ampHcon was reampiified lisinR 
modified Mtfor and Wrcv primers tnn|X'nde<l with HmiAto 
and HimttW restriction site sequences »i II iv V oi»d> »*>d 
clonal l"to jXiKM- 3Z (IVomm^u Corp.. MutlnOil, Wi). The 
resulting clone, pVSTM, was uwcl lejr transient transfecilon 
oj' 293 cells. 

Amplification of Target DNA anil Duiccilon of 
Amplicpn Factor VIII Ptasmid DNA 

(pJ-'HTM) was dinjillflral wlih l lie IWor S'-GGO 

(rmGGAAUAu:i'UAi :g icnwa' and wrev .v-aaacgi- 

tUCCCri'OGA'JXUjTAC'JC-.T.Hic rvncllnn pfvdtievd d '122- 
np I'CX product. The forward prut ler wan de>lxnvd to ici- 
oynl^e u uxilquv M'tpieme fwund In the »V untflUHlAlr<l 
recoil of I lie pat Pill pCK>2.8i25J> plfJMiml nml ihr.iefo/e 
does nut HVtJK"^'" <»'d amplify Lhc human foetnr VI 11 
gene, Primnrfc woro choMHi with the aYMtUuiif* of I he- oom- 
pulcr program Oli>;n i»n (NuImmiuI KUweicnecs, lne„ Ply- 
mouth, MN). The hum an p-actlw gene was amplified with 
llic primer* f3-»t-!in AirwnfJ jirlincr S' TCACCOAGA< TVt !T 
GCCCATG1*AGGA-.V anil 3-actiu reverse piirner V-GAG. 
C0GAACCXiCr(:Anc;cx^AJ'CG-3'. The reaction pro- 
ciuccci a 295- hp i*c;u product. 

Amplification reactions (50 pJ) contained it DNA 
sample, MX PGR lluffur II (h 200 jim dATP, dCTP, 
dGTP, and 400 »tM til ITP, 4 inM MgGI 7( 1.2.S Units Ampll 
Tut} DNA polymerase, 0,5 unit Amprjfisc uracil fV-jjiy- 

ciwylujiv <UNC), £0 pinole of cfteh fftcloi Vlll |irlmvi, «nd 1£ 
j:hiioU* of itaoli p ACtln pilmoir. 'Hio icat llui^ mImi i:tmlatnccJ 
0(1C of the following defection prol«»>t (WXJ nM nirli): 

j<Hjin»br A'<t'AW)Ac:crjvrrc:cuGc:T<;crn'<:'iTr<:TCJT- 

GCCTT(TAMRA)p 3' niiti p-ttctiii probe 5 r tTAM)AT<Jf.:<:c:- 
X(TAMKA)CCCCCATCCCATCp-3' wl.rrr p indicates 
phn*phorylAiirm nnd X indlrotci a linker arm nucleotide, 
RrncUon tuU\i wt-n- Mit:n»Ait\p Optical Tithes (part AU/Tl- 
lu-rNKm 00.1^, Pcrkln Ulniui) tlwt wore frostoO («t IH«r*;tn 
Hlmcr) lo pri-vcui light from /cflccUrt£, Tube copi were 
slmiKti* i» Mn-roAntp c;np^ but specially dciigncd to pre- 
vein HrIiI *catU'nng..AII 1 1 PGU vUm/ii4!n<tbU** wcro »n>»- 
|Jl«a hy Pli Applied UsOfiyMfli^ (|!o**or CMy, CA) except 
the factor Vlll prim era, wliivh wi-ir synlhrsl/eii at Cenvn 
lech, Inc. (Stiutb Fran ctsoo, CA). Probe.v ck*iyru.<l 
axing the Oli^v ^.n soft wore, folk»wlnj.; gutdi'llnus 
jjCMCHi in tnc Model 7 700 .sequence l>etwti>r limiuim'/il 
inaiiual. Hrleny, prube T m *)hhiM he fll Jeaat 5 U C higher 
Ihim TIU* aiviu*iilliJK Uriupvjrtlnre uacd during; ihrrnml ey- 
rluig; primers slu5\tltl jjoI fuioi st«iblv duplexed wiih llu* 
j>rnhr. 

The iherii)**! i'yrllng eoiidilkuvs InrludeU 2 julxi at 
50 w <"; and 10 ruin ul 95"C. 'Hirjinal cycling proceeded with 



reactions were performed in th<» Model 7701), Sequence IV- 
tt-«ic»r (l*U Apphed Ulusyvivuiv), wblrh coiuaUjs -a Gene- 
Amp I»<':U Sy&twm P0O0. U< ; a*:Uon wiutitiOM* w«-rf pin* 
gnu n mud on .i K*w« M»cint«w<h 7100 (Apple ■f.Wn*p»^r l 
Santa Clara, GA) Jinked dirxtily to the Model V700 .V- 
qucnev lXilocior. An»'y* u of daU w * v iM^'Own 1 nn 
the MNi tntfrth cumpuier. Gnllnrtlon and an^lycU toft ware 
w\\% develop! Ht PK Applied Wosyitiums. 



Transection of Cells with Factor Vlll Comtruct 

J-nur I-17.S nasks or 293 cells (ATCU: c:RU 1573), ?» human 
fetol kidney suejpvntion cell line, wvre H r «wn lo 80% con- 
llueney stiA transfctied pl ; KI^1. Celli wore grown in \U\> 
^llnwins medln! 50% HAM'S VV2 without CSHT, M l V> Umhi 
fiucojc JHdlKtXN/« i nod I fieri Va%\q niediinn (DM KM) with* 
oin glycine with sodium bicarlxwiale, 10% ictfll bovine 
scrum, 2 uim l^IuUiiiiiyo ^ 1% penicilliii-slrcpiomy- 
^|n. The. media vr«5 dionfjcd 30 mln M^«. Ihe transfee 
lion. pPUTM DNA cmouma of 40 t A, OS, and 0.1 were 
iidited in ml of n solution contalnlnR 0.I2.S m CnCA^ 
and \ x MIU J KS. The four mixturt*?* wtrre left at room tem- 
pe.n«^jri' (ttt no mln and then »id*U-*l Hmpwliu- to d»e cells. 
11 iv n*»k* ^vM-Wtvubalcd al 37°C and C.i\ fnr 24 hr, 
wn.shed with PUS, and nx«u»pr.ndcd In PUS. The M'kiin 
jftMidi^l cell* vvcre divided into aliquot* ufid DNA waa cv- 
tr»t:ted Immediately Uiius IhvQIAamp RUkkI Kil (Q)^pen. 
ai«HAm>rthi GA). I5NA wii.n c.Kiled Into 200 yl 30 
TrU-lia ol pll H.0, 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (f) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracylihe repressive promoter, and (it) Wnt-1 transgenic 
mice. The W1SP-1 gene was localized to human chromosome 
8q24.1-8q24 j. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to >30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISPS 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 

Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced, 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary giand, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3j3 (GSK-30) resulting in an increase in 
/3-catenin levels. Stabilized j3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
/3-catenin levels (9). APC is phosphorylated by GSK-3/3, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3> a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, W1SP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 



Abbreviations: TGF, transforming growth factor; CTGF, connective 

tissue growth factor; SSH, suppression subtractive hybridization; 

VWC, von Willebrand factor type C module. 

Data deposition: The sequences reported in this paper have been 

deposited in the Genbank database (accession nos. AF100777, 

AF10O778, AF100779, AF100780, and AF100781). 
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cDNA was synthesized from 2 jig of poly(A)* RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 jug 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP-] were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISP-3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 u,M of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and gIyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2<act) w here ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The H^ASP- specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-EImer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP 2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 
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mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on /3-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5 -fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of «=40,000 (M T 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 24). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of *=27,000 (M r 21 K) (Fig. IB). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 

C57MQ 



Parent Wnt-1 WrtM ' 




Fic. 1. WISP-1 and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP- J (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells, Poly(A) + RNA (2 jig) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WISP-1- specific probe 
(amino acids 278-300) or a 190-bp WISP- 2* specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human /3-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP- J (A) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (1GF-BP), 
VWC, thrombospondin (TSP), and C-terminai (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISP-3* To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISP-3 cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
" human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3A). 

WJSPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISPS are novel sequences; 
however, mouse WISP- 1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor' (IGF)- 
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Fig. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the 1GF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP-I expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISPS 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WJSP-1 and WISP-2, Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 




Fig. 4. (y4,C T £, and G) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B), 
expression of WJSP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-1 , however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (E and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (C and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
. assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-foid for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP-1 genomic DNA in colon cancer ceil 
lines. {A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 jig) 
digested with EcoR] (WJSP-1) or Xba\ (c-myc) were hybridized with 
a 100-bp human WJSP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means i SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP- J, WISPS RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISPS ranged from 
4- to >40-fold. 

DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and W1SP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., /3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-1 -transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through /3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WlSP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WlSP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a v ft serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
- tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-/31, which is the stimulus for 
stromal proliferation (34). TGF-jSl is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-'2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-I, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and 0-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /3-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development, , 
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methods. Peptides AENKor AEQKwere dissolved in water, made isotonic with 
NaCl and diluted into RPMI growth medium. T-cell-protiferation assays were 
done essentially as described 2 " 1 . Briefly, after antigen pulsing OOjigmr' 
TTCF) with tetrapeptides (l-2mgmr'), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1 M and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co-culture with T-cell clones in 
round-bottom 96-well microtitre plates. After 48 h, the cultures were pulsed 
with 1 u-Ci of 3 H-thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 u.g TTCF with 0.25 u.g 
pig kidney legumain in 500 u,l 50 mM citrate buffer, pH 5.5, for 1 h at 37 °C 
Glycopeptide digestions. The peptides H1DNEEDI. HIDN(N-glucosamine) 
EEDI and H1DNESDI, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic ( Promega) digestion 
of 5 mg reduced, carboxy- methylated human transferrin followed by 
concanavalin A chromatography". <31yco peptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The lyophilized transferrin- 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mUml" 1 pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOrngmP 1 a- 
cyanocinnamic acid in 50% acetonitrile/O.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a ma tree ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed ceil death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells 1 . Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG) 3 , 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy-terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected. with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL 4 (Fig. 2a ), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL 6,7 , Apo3L/TWEAK 8,9 , or OPGL/TRANCE/ 
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RANKL 10 " 13 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFR1. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K 6 - 0.8 ± 0.2 and 
l.l±0.1nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble-FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
~0.1 p.gmr l . Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of' mature T lymphocytes, a FasL- 
dependent process 1 . Consistent with previous results 13 , activation 
of interleukin-2-stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes' ,l4 ~ l *. Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from —65% to 
—30%, with half-maximal inhibition at —1 u.gml _1 ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL 17 . 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1 -4), and the A/-linked glycosylation site (asterisk) are 
shown, b, Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of pofy(A)* RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBL. peripheral blood 
lymphocyte. 



Figure 2 Interaction of DcR3 with FasL a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area), TNFR1-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE, phycoerythrin- 
labelled cells, b. 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFR1, DcR3 or Fas. 
c, Purified soluble FasL (sFasL) was immunoprecipitated with TNFRt-Fc, DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d, Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR) 18 in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 
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Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasL;. Sngml*') oligomerized 
with anti-Flag antibody (0.1 ^9™*"') in the presence of the proposed inhibitors 
DcR3-Fc. Fas-Fc or human IgGi arid assayed for apoptosis (mean s s.e.m. of 
triplicates), b. Jurkat cells were incubated with sFasL-Flag.plus anti-Flag antibody 
as in a, in presence of 1 ^gml" 1 DcR3-Fc (rilled circles), Fas-Fc (open circles) or 
human IgGi (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stinhulated with PHA and interleukin-2, 
followed by control (white bars) or anti-CD3 antibody (tilled bars), together with 
phosphate-buffered saline (PBS), human IgGi, Fas-Fc. or DcR3-Fc (10 ^gmr'). 
After 16 h, apoptosis of CD4* cells was determined (mean * s.e.m. of results from 
five donors), d. Peripheral blood natural killer cells were incubated with 5, Cr- 
labelled Jurkat cells in the presence of DcR3-Fc (filled circles). Fas-Fc (open 
circles) or human IgGi (triangles), and target-cell death was determined by 
release of 5, Cr (mean ± s.d. for two donors, each in triplicate).- 

NATURE|VOL396|l7 DECEMBER 1998 1 www.nature.com 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM218xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3-linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre' of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand- family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG 2 * 19 . . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 17 . DcR3 competes with Fas for 
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Figure 4 Genomic amplification of DcR3 in tumours, a, Lung cancers, comprising 
eight adenocarcinomas (c, d, f, g, h, j, k, r), seven squamous-cell carcinomas (a, e, 
m, n, o, p. q), one non-small-cell carcinoma (b). one small-cell carcinoma (i). and 
one bronchial adenocarcinoma (I). The data are means ± s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Data are 
means ± s.e.m. of five experiments done in duplicate, c. In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung, A 
representative bright-field image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S), blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d, Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward. Rev and Fwd), the 
DcR3-linked marker T160, and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's Mest 
comparing each marker with DcR3, 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin-1 has been 
described 21 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L 22 . Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG 3 , which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L 19 . Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. □ 

Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AAO 25673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR1, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL 4 (2 u.g), together with pRK5 encoding CrmA 
(2u.g) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-I:c or TNFRl-Fc and then with phycoerythrin-conjugated 
streptavidin (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogorov-Smirnov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells. 

Immunoprecipitation. Human 293 cells were transfected as above, and 
metabolically labelled with [ 35 S] cysteine and [ 3S S] methionine (0.5 mCi; 
Amersham). After 16 h of culture in the presence of z-VAD-fmk (10u.M), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5u.g), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL (1 u.g) (Alexis) was incubated 
with each Fc-fusion protein (1 jig), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25u.g) was 
incubated with buffer or with DcR3-Fc (40 u.g) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 u.1 aliquots into microtitre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with ami-human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AICO. CD3 + lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 u-gmT 1 ) for 24 h, and cultured 
in the presence of interleukin-2 ( 100 U ml - ') for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later.by FACS analysis of annexin-V-binding of CD4 + cells 24 . 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16h with st Cr-Ioaded Jurkat cells at an effector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target -cell death was determined by release of 5i Cr in effector- target co- 
cultures relative to release of 5l Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR 1 * 
usingaTaqMan instrument (ABI).The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER- 2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM 21 8xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to —500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3-specific primer sequences were 
5' -CTTCTTCGCGCACGCTG-3 ' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5' - (FAM -ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5' -fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 (acT \ where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia coli genome 
sequence revealed that the largest family of paraJogous £. coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimuriutn. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains 1 . In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and £. coW**'* is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM*. The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity*, and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex 8 . 

The overall shape of the crystal structure of the HisP monomer is 
that of an *V with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded 0- 
sheet (p3and (38-012) spans both arms of the L, with a domain of a 
a- plus P-type structure (pi, P2, (34-07, al and ct2) on one side 
(within arm I) and a domain of mostly a-helices (a3-a9) on the 
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Figure 1 Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively {see text). 
The thickness of arm II is about 25 A, comparable to that of membrane. a-Helices 
are shown in orange and fi-sheets in green, b, View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The (J-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom of arm I, as shown in a, towards arm II, showing the ATP-binding 
pocket, a-c, The protein and the bound ATP are in 'ribbon' and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT 29 . N, amino terminus; C, C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. J. 
Cancer 78:661 -666, 1998. 
© 1998 micy-Liss, Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et al. 1 994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gcne(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccndl (1 lql3), and erbB2 (1 7qI2-q21) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and eW?B2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Berns et al, 1992; 
Schuuring et al, 1992; Stamon et al, 1987). Muss et al. (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et al. (1987) between 
erb&2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et al, 1 996; Heid et 
al, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et al (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et al, 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3' nucleolytic activity of DMA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et ai, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the C, (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why C, is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C t 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
rumors (myc, ccndl and erb&2\ as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 1 08 breast tumors 
were compared with previous Southem-blot data for the same 
samples. 

MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 1 8 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-lime PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring C, and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3. in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et ai, 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N", and is determined as follows: 

copy number of target gene (app. myc, ccndl, erbB2) 

N = ! — - — 1 * . 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DNAgency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
rig of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 1 0-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10" 7 (10 5 copies of each gene) to 
10" 10 (10 2 copies). This series of diluted PCR products was 
aliquoted and stored at -80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 rig). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 u.M dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCl 2 , 1.25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 10 min at 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for 1 min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 1 0% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates C t and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erb&2 proto-oncogenes, 
and the p-amyloid precursor protein gene (app), which maps to a 
chromosome region (21q21.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et al. 1994). The 
reference disomic gene was the albumin gene (alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real- time PCR 

The standard curve was -constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/ul. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10 2 copies or as 
many as 1 0 5 copies. 

Copy-number ratio of the 2 reference genes (app and albj 

The app to alb copy-number ratio was determined in 1 8 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 - Albumin (alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10 3 (A9), 10 4 (A7), 10* (A4) to 10* (A2) and a no-template control (Al). Cycle number is plotted vs. change in normalized reporter signal 
(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be detected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vs. C, (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
range. 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions {app, 21q21.2; alb, 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et al, 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and -app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and crbB2 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 1 8 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for myc; 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1.3 (mean 0.91 ±0.19) for erbB2. Since N values 
for myc, ccndl and erbBl in normal leukocyte DNA consistently 
fell between 0.5 and 1 .6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and erbB2 gene dose in breast-tumor DNA 

myc, ccndl and erbBl gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbBl (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl, 1 to 15.1 for erbBl, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent rumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (TI 18). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbBl and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbBl in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbBl copy number (N < 0.5), suggesting that they bore deletions 
of the 17q21 region (the site of erbBl). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

, Comparison of gene dose determined by real-lime quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbBl amplifications 
had previously been done on the same 108 primary breast rumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N ^ 5). However, there were cases (1 myc, 6 ccndl and 4 erbBl) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND crhUl GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 2-4.9 




myc 

ccndl 

erbBl 


0 
0 

5 (4.6%) 


97 (89.8%) 11 (10.2%) 
83 (76.9%) 17(15.7%) 
87 (80.6%) 8 (7.4%) 


0 

8 (7.4%) 
8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA. which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in rumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi etai, 1994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et ai, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 rumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables C, to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C, value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
C, ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et ai, 
1996; Slamon et ai, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature. (/) Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et ai, 1994). (//) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Bems et ai, 1 992; Borg et ai, 1 992). (Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbBl amplifica- 
tion, confirming the findings of Borg et al. (1 992) and Courjal et al. 
(1997). (jv) The maxima of ccndl and erbBl over-representation 
were 18-fold and 15-fold, also in keeping with earlier results (about 
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Tumor Copy number C\ Copy number 



T118 



27.3 



4605 



26.5 



4365 



T133 



23.2 



61659 



25.2 



10092 



T145 



22.1 



125892 



25.6 



7762 



Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: Tl 18 (El 2, C6, black squares), Tl 33 (Gl 1 . B4, red squares) 
and T145 (A8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment. Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-fold maximum) (Berns et ai, 1 992; Borg et al., 1 992; Courjal et 
ai, 1997). (v) The erbBl copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An et ai, 1995; Deng et ai, 1996; Valeron 



et al. t 1996). Our results also correlate well with those recently 
published by Gelmini et al. ( 1 997), who used the TaqMan system to 
measure erbB2 amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE 11 - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






alb 




Ncendl/alb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


Til 8 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


1111 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Nccndl/alb) is determined by dividing the average ccndl 
copy namber va] ue by the average alb cop)' number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erbBT) observed by means of real-time 
quantitative PCR as compared with Southern-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et al, 1992; 
Slamon a/., 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erb&2 (but not of the other 2 proto- 
oncogenes) in several tumors; erbB2 is located in a chromosome 
region (1 7q2 1 ) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 

ACKNOWLEDGEMENTS 

RL is a research director at the Institut National de la Sante et de 
la Recherche Medicale (INSERM). We thank the staff of the Centre 
Rene Huguenin for assistance in specimen collection and patient 
care. 



REFERENCES 



AN, H.X., NlEDERACHER, D.. BECKMANN, M.W. ? GOHRING, U.J., SCHARL, A., 

Picard, F., Van Roeyen, C, Schnurch, H.G. and Bender, H.G., erbQ2 
gene amplification detected by fluorescent differential polymerase chain 
reaction in paraffin-embedded breast carcinoma tissues. Int. J. Cancer 
(Pred. Oncol). 64, 29 1-297 ( 1 995). 

Berns, E.MJ.J., Klijn, J.G.M.. Van Pitt-ten, W.LJ., Van Staveren, I.L., 
Portengen, H. and Foekens, J. A., c-myc amplification is a better prognos- 
tic factor than HER2/neu amplification in primary breast cancer. Cancer 
Res., 52, 1107-1113 (1992). 

Bieche, 1. and Lidereau, R., Genetic alterations in breast cancer. Genes 
Chrom. Cancer, 14,227-251 (1995). 

Borg, A., Baldetorp, B., Ferno, M., Olsson, H. and Sigurdsson, H., 
c-myc amplification is an independent prognostic factor in post-menopausal 
breast cancer. Int. J. Cancer, 51, 687-691 (1992). 

Celi, F.S., Cohen, MM., Antonarakis, S.E., Wertheimer, E., Roth, J. 
and Shuldiner, A.R., Determination of gene dosage by a quantitative 
adaptation of the polymerase chain reaction (gd-PCR): rapid detection of 
deletions and duplications of gene sequences. Genomics. 21, 304-310 
(1994). 

COURJAL, F., CUNY, M., SimONY-LaFONTAWE, J., LOUASSON, G., SPEISER, P., 

Zei lunger, R., Rodriguez, C. and Theillet, C, Mapping of DNA 
amplifications at 15 chromosomal localizations in 1875 breast tumors: 
definition of phenotypic groups. Cancer Res., 57, 436(M367 (1997). 

Deng, G., Yu, M., Chen, L.C., Moore, D., Kurisu, W m Kallioniemj, A., 
Waldman, F.M., CoLLrNS, C. and Smith, H.S., Amplifications of oncogene 
erbB-2 and chromosome 20q in breast cancer determined by differentially 
competitive polymerase chain reaction. Breast Cancer Res. Treat., 40, 
271-281 (1996). 

Gelmini, S., Oriando, C, Sestini, R. ( Von a, G., Pinzani, P., Ruocco, L. 
and Pazzagli, M m Quantitative polymerase chain reaction-based homoge- 
neous assay with fluorogenic probes to measure c~erB-2 oncogene amplifi- 
cation. Clin. Chem.. 43, 752-758 (1997). 

Gibson, U.E.M., Heid, C.A. and Williams, P.M., A novel method for 
real-time quantitative RT-PCR. Genome Res., 6,995-1001 (1996), 

Heid, C.A., Stevens, J., Livak, K..J. and Williams, P.M., Real-time 
quantitative PCR. Genome Res.. 6, 986-994 (1996). 

Holland, P.M., Abramson, R.D., Watson, R. and Gelfand, D.H., 
Detection of specific polymerase chain reaction product by utilizing the 5' 
to 3' exonuclease activity of Thermits aquaticus DNA polymerase. Proc. 
not. Acad. Sci. (Wash.). 88, 7276-7280 (1991). 



Kallioniemj, A.. Kallioniemi, O.P., Piper, J., Tanner, M., Stokkes, T., 
Chen, L., Smith, H.S., Pinkel, D., Gray, J.W. and Waldman, F.M., 
Detection and mapping of amplified DNA sequences in breast cancer by 
comparative genomic hybridization. Proc. nat. Acad. Sci. (Wash.). 91, 
2156-2160(1994). 

Lee, L.G., Connell, C.R. and Bioch, W., Allelic discrimination by 
nick -translation PCR with fluorogenic probe. Nucleic Acids Res.. 21, 
3761-3766(1993). 

Longo, N., Berninger, N.S. and Hartley, J.L.. Use of uracil DNA 
glycosylase to control carry-over contamination in polymerase chain 
reactions. Gene. 93, 125-128 (1990). 

Muss, H.B., Thor, A.D., Berry, D.A., Klte, T., Liu, E.T., Koerner, F., 
Cirrincione, C.T., Budman, D.R., Wood, W.C., Barcos, M. and Hender- 
son, I.C., c-erbB-2 expression and response to adjuvant therapy in women 
with node-positive early breast cancer. Ne*' Engl J. Med., 330, 1260-1266 
(1994). 

Pauletti, G., GoDOLPHrN, W., Press, M.F. and Salmon, D.J., Detection and 
quantification of HER-2/neu gene amplification in human breast cancer 
archival material using fluorescence in situ hybridization. Oncogene. 13, 
63-72(1996). 

Piatak, M., Luk, K.C., Williams, B. and Lifson, J.D., Quantitative 
competitive polymerase chain reaction for accurate quantitation of HIV 
DNA and RNA species. Biotechniques. 14, 70-80 ( 1 993). 

Schuuring, E., Verhoeven, E., Van Tinterbn, H., Peterse, J.L., Nunnik, 
B., Thunnissen, F.B.J.M., Devilee, P., Cornelisse, C.J.. Van de Vijver, 
M.J., Mooi, W.J. and Michalides, R.J.A.M., Amplification of genes within 
the chromosome llq!3 region is indicative of poor prognosis in patients 
with operable breast cancer. Cancer Res., 52, 5229-5234 (1992). 

Slamon, D.J., Clark, G.M., Wong, S.G.. Levin, W.S., Ullrich, A. and 
McGuire, W.L., Human breast cancer: correlation of relapse and survival 
with amplification of the HEK-2/neu oncogene. Science, 235, 177-182 
(1987). 

Slamon, D.J., Godolphin, W. t Jones, L.A., Holt, J. A., Wong, S.G., Keith, 
D.E., Levin, W.J., Stuart, S.G., Udove, J. t Ullrich, A. and Press, M.F., 
Studies of the HER-2/neu proio-oncogene in human breast and ovarian 
cancer. Science, 244, 707-7 12 (1 989). 

Valeron, P.F., Chirtno, R„ Fernandez, L., Torres, S., Navarro, D., 
Aguiar, J., Cabrera, J J., Diaz-Chico, B.N. and Diaz-Chico, J.C., 
Validation of a differential PCR and an EL1SA procedure in studying 
HER-2/neu status in breast cancer. Int. J. Cancer, 65, 129-133 (1996). 



Research 



Genome-wide Study of Gene Copy Numbers, 
Transcripts, and Protein Levels in Pairs of 
Non-invasive and Invasive Human Transitional 
Cell Carcinomas* 

Torben F. 0rntoft|:§, Thomas ThykjaerU, Frederic M, Waldman||, Hans Wolf**, 
and Julio E. Celis^ 



Gain and loss of chromosomal material is characteristic 
of bladder cancer, as well as malignant transformation in 
general. The consequences of these changes at both the 
transcription and translation levels is at present unknown 
partly because of technical limitations. Here we have at- 
tempted to address this question in pairs of non-invasive 
and invasive human bladder tumors using a combination 
of technology that included comparative genomic hybrid- 
ization, high density oligonucleotide array-based monitor- 
ing of transcript levels (5600 genes), and high resolution 
two-dimensional gel electrophoresis/The results showed ^ 
that there is a gene dosage effect that in some cases 
superimposes on other regulatory mechanisms. This ef- 
fect depended (p < 0.015) on the magnitude of the com- 
parative genomic hybridization change. In general (18 of 
23 cases), chromosomal areas with more than 2-fold gain 
of DNA showed a corresponding increase in mRNA tran- 
scripts. Areas with loss of DNA, on the other hand, 
showed either reduced or unaltered transcript levels. Be- 
cause most proteins resolved by two-dimensional gels 
are unknown it was only possible to compare mRNA and 
protein alterations in. relatively few cases of well focused 
abundant proteins. With few exceptions we found a good 
correlation (p < 0.005) between transcript alterations and 
protein levels. The implications, as well as limitations, 
of the approach are discussed. Molecular & Cellular 
Proteomics 1:37-45, 2002. 



Aneuploidy is a common feature of most human cancers 
(1), but little is known about the genome-wide effect of this 
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phenomenon at both the transcription and translation levels. 
High throughput array studies of the breast cancer cell line 
BT474 has suggested that there is a correlation between 
DNA copy numbers and gene expression in highly amplified 
areas (2), and studies of individual genes in solid tumors 
have revealed a good correlation between gene dose and 
mRNA or protein levels in the case of c-erb-B2, cycl'm d1 . 
emsl, and N-myc (3-5). However, a high cyclin 01 protein 
expression has been observed without simultaneous am- 
plification (4), and a low level of c-myc copy number in- 
crease was observed without concomitant c-myc protein 
overexpression (6). 

In human bladder tumors, karyotyping, fluorescent in situ 
hybridization, and comparative genomic hybridization (CGH) 1 
have revealed chromosomal aberrations that seem to be 
characteristic of certain stages of disease progression. In the 
case of non-invasive pTa transitional cell carcinomas (TCCs), 
this includes loss of chromosome 9 or parts of it, as well as 
loss of Y in males. In minimally invasive pT1 TCCs, the fol- 
lowing alterations have been reported: 2q-, Hp-, 1q + , 
11q13-r, 17q-r, and 20q-r (7-12). It has been suggested that 
these regions harbor tumor suppressor genes and onco- 
genes; however, the large chromosomal areas involved often 
contain many genes, making meaningful predictions of the 
functional consequences of losses and gains very difficult. 

(n this investigation we have combined genome-wide tech- 
nology for detecting genomic gains and losses (CGH) with 
gene expression profiling techniques (microarrays and pro- 
teomics) to determine the effect of gene copy number on 
transcript and protein levels in pairs of non-invasive and in- 
vasive human bladder TCCs. 

EXPERIMENTAL PROCEDURES 

Material— Bladder tumor biopsies were sampled after informed 
consent was obtained and after removal of tissue for routine pathol- 
ogy examination. By light microscopy tumors 335 and 532 were 
staged by an experienced pathologist as pTa (superficial papillary), 



*' The abbreviations used are: CGH, comparative genomic hybrid- 
ization; TCC, transitional cell carcinoma; LOH, loss of heterozygosity; 
PA-FABP, psoriasis-associated fatty acid-binding protein; 2D, 
two-dimensional. 
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Fig. 1 . DNA copy number and mRNA expression level. Shown from left to right are chromosome {Ohr.), CGH profiles, gene location and 
expression level of specific genes, and overall expression level along the chromosome. A, expression of mRNA In invasive tumor 733 as 
compared with the non-invasive counterpart tumor 335. 8, expression of mRNA in invasive tumor 827 compared with the non-invasive 
counterpart tumor 532. The average fluorescent signal ratio between tumor. DNA and normal DNA is shown along the length of the chromosome 
Heft). The bold curve in the ratio profile represents a mean of four chromosomes and is surrounded by thin curves indicating one standard 
deviation. The central vertical line {broken) indicates a ratio value of 1 (no change), and the vertical tines next to it (dotted) indicate a ratio- of 
0.5 {left) and 2.0 {right). In chromosomes where the non-invasive tumor 335 used for comparison showed alterations in DNA content, the ratio 
profile of that chromosome is shown to the right of the invasive tumor profile. The colored bars represents one gene each, identified by the 
running numbers above the bars (the name of the gene can be seen at www.MDL.DK/sdata.html). The oars indicate the purported location of 
the gene, and the colors indicate the expression level of the gene in the invasive tumor compared with the non-invasive counterpart; >2-told 
increase {black), >2-fold decrease {blue), no significant change {orange). The bar to the far right, entitled Expression shows the resulting change 
in expression along the chromosome; the colors indicate that at least half of the genes were up-regulated {black), at least half of the genes 
down-regulated {blue), or more than half of the genes are unchanged {orange). If a gene was absent in one of the samples and present in 
another, it was regarded as more than a 2-fold cnange. A 2-fold level was chosen as this corresponded to one standard deviation in a double 
determination of -1800 genes. Centromeres and heterochromatic regions were excluded from data analysis: 



grade I and II, respectively, tumors 733 and 827 were staged as pTl 
{invasive into submucosa), 733 was staged as solid, and 827 was 
staged as papillary, both grade III. 

mRNA Preparation— T\ssue biopsies, obtained fresh from surgery, 
were embedded immediately in a sodium-guanidinium thiocyanate 
solution and stored at -80 °C. Total RNA was isolated using the 
RNAzot B RNA isolation method (WAK-Chemie Medical GMBH). 
poly(A); RNA was isolated by an oltgo(dT) selection step (Oligotex 
mRNA kit; Qiagen). 

cRNA Preparation-^ /xg of mRNA was used as starting material. 
The first and second strand cDNA synthesis was performed using the 
Superscript® choice system (Invitrogen) according to the manufac- 
turer's instructions but using an oligo(dT) primer containing a T7 RNA 
polymerase binding site. Labeled cRNA was prepared using the ME- 
GAscrip® in vitro transcription kit (Ambion). Biotin-labeled CTP and 



UTP (Enzo) was used, together with unlabeled NTPs in the reaction. 
Following the in vitro transcription reaction, the unincorporated nu- 
cleotides were removed using RNeasy columns (Qiagen). 

Array Hybridization and Scanning— Array hybridization and scan- 
ning was modified from a previous method (13). 10 of cRNA was 
fragmented at 94 °C for 35 min in buffer containing 40 mM Tris 
acetate. pH 8.1, 100 mM KOAc, 30 mM MgOAc. Prior to hybridization, 
the fragmented cRNA in a 6x SSPE-T hybridization buffer (1 m NaCI, 
10 mM Tris, pH 7.6, 0.005% Triton), was heated to 95 °C for 5 min, 
subsequently cooled to 40 °C, and loaded onto the Affymetrix probe 
array cartridge. The probe array was then incubated for 16 h at 40 °C 
at constant rotation (60 rpm). The probe anray was exposed to 10 
washes in 6 x. SSPE-T at 25 *C followed by 4 washes in 0.5x SSPE-T 
at 50 °C. The biotinylated cRNA was stained with a streptavidin- 
phycoerythrin conjugate, 10 ^tg/ml {Molecular Probes) in 6x SSPE-T 
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Fig. 1 — continued 



for 30 min at 25 followed by 10 washes in 6x SSPE-Tat25 "C.The 
probe arrays were scanned at 560 nm using a confocal laser scanning 
microscope {made for Affymetrix by Hewlett-Packard). The readings 
from the quantitative scanning were analyzed by Affymetrix gene 
expression analysis software. 

Microsatellite Analysis — Mi crosatel lite Analysis was performed as 
described previously (14). Microsateilites were selected by use of 
www.ncbi.nim.nih.gov/genemap98, and primer sequences were ob- 
tained from the genome data base at www.gdb.org. DNA was extracted 
from tumor and blood and amplified by PCR in a volume of 20 i±\ for 35 
cycles. The ampllcons were denatured and electrophoresed for 3 h in an 
ABI Prism 377. Data were collected in the Gene Scan program for 
fragment analysis. Loss of heterozygosity was defined as less than 33% 
of one allele detected in tumor arnpticons compared with blood. 

Proteomic Analysis— TCCs were minced into small pieces and 
homogenized in a small glass homogenlzer in 0.5 ml of lysis solution. 
Samples were stored at -20 °C until use. The procedure for 2D gel 
electrophoresis has been described in detail elsewhere (15, 16). Gels 
were stained with silver nitrate and/or Coornassie Brilliant Blue. Pro- . 
teins were identified by a combination of procedures that included 
microsequencing, mass spectrometry, two-dimensional gel Western 
immunoblotting, and comparison with the master two-dimensional gel 
image of human Keratinocyte proteins; see biobase.dk/cgi-bin/celis. 

CGH— Hybridization of differentially labeled tumor and normal DNA 
to normal metaphase chromosomes was performed as described 
previously (10), Fluorescein-labeled tumor DNA (200 ng), Texas Red- 



labeled reference DNA (200 ng}, and human Cot-1 DNA (20 /ig) were 
denatured at 37 U C for 5 min and applied to denatured normal met- 
aphase slides. Hybridization was at 37 °C for 2 days. After washing, 
the slides were counterstained with 0.15 ftg/ml 4,6-diamidino-2-ph9- 
nylindole in an anti-fade solution. A second hybridization was per- 
formed for all tumor samples using fluorescein-labeled reference DNA 
and Texas Red-labeled tumor DNA {inverse labeling) to confirm the 
aberrations detected during the initial hybridization. Each CGH ex- 
periment also included a normal control hybridization using fluores- 
cein- and Texas Red-labeled normal DNA, Oigital image analysis was 
used to identify chromosomal regions with abnormal fluorescence 
ratios, indicating regions of DNA gains and losses. The average 
green:red fluorescence intensity ratio profiles were calculated using 
four images of each chromosome (eight chromosomes total) with 
normalization of the greenxed fluorescence intensity ratio for the 
entire metaphase and background correction. Chromosome identifi- 
cation was performed based on 4,6-diamidino-2-phenylindole band- 
ing patterns. Only images showing uniform high intensity fluores- 
cence with minima! background staining were analyzed. All 
centromeres, p arms of acrocentric chromosomes, and heterochro- 
matic regions were excluded from the analysis. 

RESULTS 

Comparative Genomic Hybridization -The CGH analysis 
identified a number of chromosomal gains and losses in the 
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Table I 

Correlation between alterations detected by CGH and by expression monitoring 
Top, CGH used as independent variable {if CGH alteration - what expression ratio was found); bottom, altered expression used as 
independent variable (if expression alteration 



what CGH deviation was found). 



CGH alterations 



Tumor 733 vs. 335 
Expression change clusters 



Concordance 



CGH alterations 



Tumor 827 vs. 532 

Expression change clusters 



Concordance 



1 3 Gain 



1 0 Loss 



10 Up-regulation 

0 Down-regulation 

3 No change 

1 Up-regulation 

5 Down-regulation 

4 No change 



77% 



50% 



10 Gain 



1 2 Loss 



8 Up-regulation 
0 Down-regulation 

2 No change 

3 Up-regulation 

2 Down regulation 
7 No change 



Expression change clusters 



Tumor 733 vs. 335 
CGH alterations 



Concordance Expression change clusters 



Tumor 827 vs. 532 



CGH alterations 



t6 Up-regulation 



21 Down-regulation 



1 5 No change 



11 Gain 

2 Loss 

3 No change 
1 Gain 

8 Loss 

12 No change 
3 Gain 

3 Loss 

9 No change 



69% 



38% 



60% 



17 Up-regulation 



9 Down-regulation 



21 No change 



10 Gain 

5 Loss 

2 No change 

0 Gain 

3 Loss 

6 No change 

1 Gain 
3 Loss 

1 7 No change 



80% 



17% 



Concordance 



59% 



33% 



81% 



two invasive tumors (stage pT1, TCCs 733 and 827),.whereas 
the two non-invasive papillomas (stage pTa, TCCs 335 and 
532) showed only 9p-, 9q22-q33~ , and X-, and 7 + , 9q~, 
and respectively. Both invasive tumors showed changes 
(1q22-24+, 2q14.1-qter~, 3q12-q13.3~, 6q12-q22-, 
9q34 + , 11q12-q13 + , 17 + , and 20q11.2-q12+) that are typ- 
ical for their disease stage, as well as additional alterations, 
some of which are shown in Fig. 1. Areas with gains and 
losses deviated from the normal copy number to some extent, 
and the average numerical deviation from normal was 0.4-fold 
in the case of TCC 733 and 0.3-foid for TCC 827. The largest 
changes, amounting to at least a doubling of chromosomal 
content, were observed at 1q23 in TCC 733 (Fig. ^A) and 
20q12 in TCC 827 (Fig. 18). 

mRNA Expression in Relation to DNA Copy Number -The 
mRNA levels from the two invasive tumors (TCCs 827 and 
733) were compared with the two non-invasive counterparts 
(TCCs 532 and 335). This was done in two separate experi- 
ments in which we compared TCCs 733 to 335 and 827 to 
532, respectively, using two different scaling settings for the 
arrays to rule out scaling as a confounding parameter. Ap- 
proximately 1,800 genes that yielded a signal on the arrays 
were searched in the Unigene and Genemap data bases for 
chromosomal location, and those with a known location 
(1096) were plotted as bars covering their purported locus. In 
that way it was possible to construct a graphic presentation of 
DNA copy number and relative mRNA levels along the indi- 
vidual chromosomes (Fig. 1). 

For each mRNA a ratio was calculated between the level in 
the invasive versus the non-invasive counterpart. Bars, which 
represent chromosomal location of a gene, were color-coded 
according to the expression ratio, and only differences larger 



than 2-fold were regarded as informative (Fig. 1). The density 
of genes along the chromosomes varied, and areas contain- 
ing only one gene were excluded from the calculations. The 
resolution of the CGH method is very low, and some of the 
outlier data may be because of the fact that the boundaries of 
the chromosomal aberrations are not known at high resolution. 

Two sets of calculations were made from the data. For the 
first set we used CGH alterations as the independent variable 
and estimated the frequency of expression alterations in these 
chromosomal areas. In general, areas with a strong gain of 
chromosomal material contained a cluster of genes having 
increased mRNA expression. For example, both chromo- 
somes 1q21-q25, 2p and 9q, showed a relative gain of more 
than 100% in DNA copy number that was accompanied by 
increased mRNA expression levels in the two tumor pairs (Fig. 
1). In most cases, chromosomal gains detected by CGH were 
accompanied by an increased level of transcripts in both 
TCCs 733 (77%) and 827 (80%) (Table i, top). Chromosomal 
losses, on the other hand, were not accompanied by de- 
creased expression in several cases, and were often regis- 
tered as having unaltered RNA leveis (T able i, fop). The inabil- 
ity to detect RNA expression changes in these cases was not 
because of fewer genes mapping to the lost regions (data not 
shown). 

In the second set of calculations we selected expression 
alterations above 2-fold as the independent variable and es- 
timated the frequency of CGH alterations in these areas. As 
above, we found that increased transcript expression corre- 
lated with gain of chromosomal material (TCC 733. 69% and 
TCC 827, 59%), whereas reduced expression was often de- 
tected in areas with unaltered CGH ratios (Table I, bottom). 
Furthermore, as a control we looked at areas with no alter- 
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Tumor 827 versus 532 Tumor 733 versus 335 

2. Correlation between maximum CGH aberration and the ability to detect expression change by oligonucleotide array 



monitoring. The aberration is shown as a numerical -fold change in ratio between invasive tumors 827 (A) and 733 (♦) and their non-invasive 
counterparts 532 and 335. The expression change was taken from the Expression line to the right in Fig. 1, which depicts the resulting 
expression change for a given chromosomal region. At least half of the mRNAs from a given region have to be either up- or down-regulated 
to be scored as an expression change. All chromosomal arms in which the CGH ratio plus or minus one standard deviation was outside the 
ratio value of one were included. 



ation in expression. No alteration was detected by CGH in 
most of these areas (TCC 733, 60% and TCC 827, 81%; see 
Table I, bottom). Because the ability to observe reduced or 
increased mRNA expression clustering to a certain chromo- 
somal area clearly reflected the extent of copy number 
changes, we plotted the maximum CGH aberrations in the 
regions showing CGH changes against the ability to detect a 
change in mRNA expression as monitored by the oligonucleo- 
tide arrays (Fig. 2)CFor both tumors TCC 733 (p < 0.015) and 
TCC 827 (p < 0.00003) a highly significant correlation was 
observed between the level of CGH ratio change (reflecting 
the DNA copy number) and alterations detected by the array 
based technology (Fig. 2) } Similar data were obtained when 
areas with altered expression were used as independent vari- 
ables. These areas correlated best with CGH when the CGH 
ratio deviated 1 .6- to 2.0-fold (T able I, bottom) but mostly did 
not at lower CGH deviations. These data probably reflect that 
loss of an allele may only lead to a 50% reduction in expres- 
sion level, which is at the cut-off point for detection of expres- 
sion alterations. Gain of chromosomal material can occur to a 
much larger extent. 

Mi crosateliite- based Detection of Minor Areas of Loss- 
es—In TCC 733, several chromosomal areas exhibiting DNA 
amplification were preceded or followed by areas with a nor- 
mal CGH but reduced mRNA expression (see Fig. 1, TCC 733 
chromosome 1q32, 2p21, and 7q21 and q32, 9q34, and 
10q22). To determine whether these results were because of 
undetected loss of chromosomal material in these regions or 



because of other non-structural mechanisms regulating tran- 
scription, we examined two mlcrosatellites positioned at chro- 
mosome 1q25-32 and two at chromosome 2p22, Loss of 
heterozygosity (LOH) was found at both 1q25 and at 2p22 
indicating that minor deleted areas were not detected with the 
resolution of CGH (Fig. 3). Additionally, chromosome 2p in 
TCC 733 showed a CGH pattern of gain/no change/gain of 
DNA that correlated with .transcript increase/decrease/in- 
crease. Thus, for the areas showing increased expression 
there was a correlation with the DNA copy number alterations 
(Fig. 1,4). As indicated above, the mRNA decrease observed in 
the middle of the chromosomal gain was because of LOH, 
implying that one of the mechanisms for mRNA down-regu- 
lation may be regions that have undergone smaller fosses of 
chromosomal material. However, this cannot be detected with 
the resolution of the CGH method. 

In both TCC 733 and TCC 827, the telomeric end of chro- 
mosome 1 1 p showed a normal ratio in the CGH analysis; 
however, clusters of five and three genes, respectively, lost 
their expression. Two microsatellites (D11S1760, D11S922) 
positioned close to MUC2, IGF2; and cathepsin D indicated 
LOH as the most likely mechanism behind the loss of expres- 
sion (data not shown). 

A reduced expression of mRNA observed in TCC 733 at 
chromosomes 3q24, 11p11, 12p12.2, 12q21.1, and 16q24 
and in TCC 827 at chromosome 11p15.5, 12p11, 15q11.2, 
and 18q12 was also examined for chromosomal losses using 
microsatellites positioned as close as possible to the gene loci 
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Fig, 3. Microsateilite analysis of loss of heterozygosity. Tumor 
733 showing loss of heterozygosity at chromosome 1q25, detected 
(a) by D1S215 close to Hu class I histocompatibility antigen {gene 
number 38 in Fig. 1), (b) by D1S2735 close to cathepsin E (gene 
number 41 in Fig. 1), and (c) at chromosome 2p23 by D2S2251 close 
to general /3-spectrin (gene number 1 1 on Fig. 1) and of (d) tumor 827 
showing loss of heterozygosity at chromosome 18q12 by S18S1 1 18 
close to mitochondrial 3-oxoacyl-coenzyme A thiolase (gene number 
12 in Fig. 1). The upper curves show the electropherogram obtained 
from normal DNA from leukocytes [N), and the lower curves show the 
electropherogram from tumor DNA (7). In all cases one allele is 
partially lost in the tumor amplicon. 

showing reduced mRNA transcripts. Only the microsateilite 
positioned at 18q12 showed LOH (Fig. 3), suggesting that 
transcriptional down-regulation of genes in the other regions 
may be controlled by other mechanisms. 

Relation between Changes in mRNA and Protein Levels - 
2D-PAGE analysis, in combination with Coornasste Brilliant 
Blue and/or silver staining, was carried out on all four tumors 
using fresh biopsy materia!. 40 well resolved abundant known 
proteins migrating in areas away from the edges of the pH 
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Fig. 4. Correlation between protein levels as judged by 20- 
PAGE and transcript ratio. For comparison proteins were divided in 
three groups, unaltered jn level or up- or down-reguiated {horizontal 
axis). The mRNA ratio as determined by oligonucleotide arrays was 
plotted for each gene {vertical axis). A, mRNAs that were scored as 
present in both tumors used for the ratio calculation; A, mRNAs that 
were scored as absent in the invasive tumors (along horizontal axis) or 
as absent in non-invasive reference (fop of figure). Two different 
scalings were used to exclude scaling as a confounder, TCCs 827 
and 532 (A£) were scaled with background suppression, and TCCs 
733 and 335 (90) were scaled without suppression. Both compari- 
sons showed highly significant (p < 0.005} differences in mRNA ratios 
between the groups. Proteins shown were as follows: Group A (from 
left), phosphoglucomutase 1, glutathione transferase class ^ number 
4, fatty acid-binding protein homologue, cytokeratin 15, and cy-to- 
keratin 13; 8 (from left), fatty acid-binding protein homologue, 28-kDa 
heat shock protein, cytokeratin 13, and calcyclin; C (from left), «-eno- 
lase, hnRNP B1, 28-kDa heat shock protein, 14-3-3-e. and 
pre-mRNA splicing factor; D, mesothelial keratin K7 (type II); E (from 
fop), glutathione S-iransferase-rr and mesothelial keratin K7 (type II); 
F (from top and left), adenylyl cyclase-associated protein, E-cadherin, 
keratin 19, calgizzarin, phosphoglycerate mutase, annexin IV, cy- 
toskeletal y-actin, hnRNP A1, integral membrane protein calnexin 
(IP90), hnRNP H, brain-type clathrin light chain-a, hnRNP F, 70-kOa 
heat shock protein, heterogeneous nuclear ribonucleoprotein A/B, 
translationaily controlled tumor protein, liver glycera!dehyde-3-phos- 
phate dehydrogenase, keratin 8, aldehyde reductase, and Na.K- 
ATPase 0-1 subunit; G, {from top and left), TCP20, calgizzarin, 70- 
kDa heat sfiock protein, calnexin, hnRNP H, cytokeratin 15, ATP 
synthase, keratin 19, triosephosphate isornerase, hnRNP F, liver glyc- 
eraldehyde-3-phosphatase dehydrogenase, glutathione S-transfer- 
ase-7T, and keratin 8; H (from left), plasma gelsolin, autoantigen cal- 
reticulin. thioredoxin, and NAD^-dependent 15 hydroxyprostaglandin 
dehydrogenase; I (from fop), prolyl 4-hydroxylase 0-subunit, cyto- 
keratin 20, cytokeratin 17, prohibition, and fructose 1,6-biphos- 
phaiase; J annexin II; K, annexin IV; L (from top and left), 90-kDa heat 
shock protein, prolyl 4-hydroxylase 0-subunit, rr-enolase, GRP 78, 
cyclophilin, and cofilin. 

gradient, and having a known chromosomal location, were 
selected for analysis in the TCC pair 327/532. Proteins were 
identified by a combination of methods (see "Experimental 
Procedures"). In general there was a highly significant corre- 
lation (p < 0.005) between mRNA and protein alterations (Fig. 
4). Only one gene showed disagreement between transcript 
alteration and protein alteration. Except for a group of cyto- 
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Fig. 5. Comparison of protein and transcript levels in invasive 
and non-invasive TCCs. The upper part of the figure shows a 2D gel 
(left) and the oligonucleotide array {right) of TCC 532. The red rectan- 
gles on the upper gel highlight the areas that are compared below. 
Identical areas of 2D gels of TCCs 532 and 827 are shown below. 
Clearly, cytokeratins 13 and 15 are strongly down-regulated in TCC 
827 [red annotation). The tile on the array containing probes for 
cytokeratin 1 5 is enlarged below the array {red arrow) from TCC 532 
and is compared with TCC 827. The upper row of squares in each tile 
corresponds to perfect match probes; the lower row corresponds to 
mismatch probes containing a mutation (used for correction for un- 
specific binding). Absence of signal is depicted as black, and the 
higher the signaJ the lighter the color. A high transcript level was 
detected in TCC 532 (6151 units) whereas a much lower level was 
detected in TCC 827 (absence of signals). f : or cytokeratin 13, a high 
transcript level was also present in TCC 532 (15659 units), and a 
much lower level was present in TCC 827 (623 units). The 2D gels at 
the bottom of the figure (left) show levels of PA-FAB P and adipocyte- 
FABP in TCCs 335 and 733 (invasive), respectively. Both proteins are 
down-regulated in the invasive tumor. To the right we show the array 
tiles for the PA-FABP transcript. A medium transcript level was de- 
tected in the case of TCC 335 (1277 units) whereas very low levels 
were detected in TCC 733 (166 units). tEF, isoelectric focusing. 



keratins encoded by genes on chromosome 17 (Fig. 5) the 
analyzed proteins did not belong to a particular family. 26 well 
focused proteins whose genes had a know chromosomal 
location were detected in TCCs 733 and 335 t and of these 19 
correlated (p < 0.005) with the mRNA changes detected using 
the arrays (Fig. 4). For example, PA-FABP was highly ex- 
pressed in the non-invasive TCC 335 but lost in the invasive 
counterpart (TCC 733; see Fig. 5). The smaller number of 
proteins detected in both 733 and 335 was because of the 
smaller size of the biopsies that were available. 

1 1 chromosomal regions where CGH showed aberrations 
that corresponded to the changes in transcript levels also 
showed corresponding changes in the protein level (Table II). 
These regions included genes that encode proteins that are 
found to be frequently altered in bladder cancer, namely 
cytokeratins 17 and 20, annexins II and IV, and the fatty 
acid-binding proteins PA-FABP and FBP1 . Four of these pro- 
teins were encoded by genes in chromosome 17q, a fre- 
quently amplified chromosomal area in invasive bladder 
cancers. 

DISCUSSION 

Most human cancers have abnormal DNA content, having 
lost some chromosomal parts and gained others. The present 
study provides some evidence as to the effect of these gains 
and losses on gene expression in two pairs of non-invasive 
and invasive TCCs using high throughput expression arrays 
and proteomics, in combination with CGH. In general, the 
results showed that there is a clear individual regulation of the 
mRNA expression of single genes, which in some cases was 
superimposed by a DNA copy number effect. In most cases, 
genes located in chromosomal areas with gains often exhib- 
ited increased mRNA expression, whereas areas showing 
losses showed either no change or a reduced mRNA expres- 
sion. The latter might be because of the fact that losses most 
often are restricted to loss of one allele, and the cut-off point 
for detection of expression alterations was a 2-fold change, 
thus being at the border of detection. In several cases, how- 



Table ii 

Proteins whose expression level correlates with both mRNA and gene dose changes 



Protein 



Chromosomal location Tumor TCC CGH alteration Transcript alteration" Protein alteration 



Annexin II 
Annexin IV 
Cytokeratin 17 
Cytokeratin 20 
(PA-)FABP 
FBP1 

Plasma gelsolin 
Heat shock protein 28 
Prohibitin 
Prolyl-4-hydroxyl 
hnRNPBI 



1q21 
2p13 

17q12-q21 

17q21.1 

8q21.2 

9q22 

9q31 

15q12-ql3 
17q21 
17q25 
7p15 



733 

733 

827 

827 

827 

827 

827 

827 
827/733 
827/733 

827 



Gain 
Gain 
Gain 
Gain 
Loss 
Gain 
Gain 
Loss 
Gain 
Gain 
Loss 



Abs to Pres 3 
3.9-Fotd up 
3.8-Fold up 

5.6- Fotd up 

1 0-Fold down 
2.3-Fold up 
Abs to Pres 
2.5-Fold up 

3.7- /2.5-Fold up' 1 
5. 7-/1. 6-Fold up 
2.5-Fold down 



Increase 

Increase 

Increase 

Increase 

Decrease 

increase 

Increase 

Decrease 

Increase 

Increase 

Decrease 



" Abs, absent; Pres. present. 

n In cases where the corresponding alterations were found in both TCCs 827 and 733 these are shown as 827/733. 
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ever, an increase or decrease in DNA copy number was 
associated with de novo occurrence or complete loss of tran- 
script, respectively. Some of these transcripts could not be 
detected in the non-invasive tumor but were present at rela- 
tively high levels in areas with DNA amplifications in the inva- 
sive tumors (e.g. in TCC 733 transcript from cellular iigand of 
annexin II gene (chromosome 1q21).from absent to 2670 
arbitrary units; in TCC 827 transcript from small proiine-rich 
protein 1 gene (chromosome 1q12-q21.1) from absent to 
1326 arbitrary units). It may be anticipated from these data 
that significant clustering of genes with an increased expres- 
sion to a certain chromosomal area indicates an increased 
likelihood of gain of chromosomal material in this area. 

Considering the many possible regulatory mechanisms act- 
ing at the level of transcription, it seems striking that the gene 
dose effects were so clearly detectable in gained areas. One 
hypothetical explanation may lie in the loss of controlled 
methylation in tumor cells (17-19). Thus, it may be possible 
that in chromosomes with increased DNA copy numbers two 
or more alleles could be demethylated simultaneously leading 
to a higher transcription level, whereas in chromosomes with 
losses the remaining allele could be partly methylated, turning 
off the process (20, 21). A recent report has documented a 
ploidy regulation of gene expression in yeast, but in this case all 
the genes were present in the same ratio (22), a situation that is 
not analogous to that of cancer cells, which show marked 
chromosomal aberrations, as well as gene dosage effects. 

Several CGH studies of bladder cancer have shown that 
some chromosomal . aberrations are common at certain 
stages of disease progression, often occurring in more than 1 
of 3 tumors. In pTa tumors, these include 9p-, 9q~, 1q + , Y- 
(2, 6), and in pT1 tumors, 2q-,11p-, 11q~, 1q+, 5p + , 8q+, 
17q + , and 20q + (2-4, 6, 7). The pTa tumors studied here 
showed similar aberrations such as 9p- and 9q22-q33- and 
9q- and Y™, respectively. Likewise, the two minimal invasive 
pT1 tumors showed aberrations that are commonly seen at 
that stage, and TCC 827 had a remarkable resemblance to the 
commonly seen pattern of losses and gains, such as 1q22-24 
amplification (seen in both tumors), 11q14-q22 loss, the latter 
often linked to 17 q + (both tumors), and 1q+ and 9p-, often 
linked to 20q4- and 11 q13-r (both tumors) (7-9). These ob- 
servations indicate that the pairs of tumors used in this study 
exhibit chromosomal changes observed in many tumors, and 
therefore the findings could be of general importance for 
bladder cancer. 

Considering that the mapping resolution of CGH is of about 
20 megabases it is only possible to get a crude picture of 
chromosomal instability using this technique. Occasionally, 
we observed reduced transcript levels close to or inside re- 
gions with increased copy numbers. Analysis of these regions 
by positioning heterozygous microsatellites as close as pos- 
sible to the locus showing reduced gene expression revealed 
loss of heterozygosity in several cases. It seems likely that 
multiple and different events occur along each chromosomal 



arm and that the use of cDNA microarrays for analysis of DNA 
copy number changes will reach a resolution that can resolve 
these changes, as has recently been proposed (2). The outlier 
data were not more frequent at the boundaries of the CGH 
aberrations. At present we do not know the mechanism be- 
hind chromosomal aneuploidy and cannot predict whether 
chromosomal gains will be transcribed to a larger extent than 
the two native alleles. A mechanism as genetic imprinting has 
an impact on the expression level In normal cells and is often 
reduced in tumors. However, the relation between imprinting 
and gain of chromosomal material is not known. 

We regard it as a strength of this investigation that we were 
able to compare invasive tumors to benign tumors rather than 
to normal urothelium, as the tumors studied were biologically 
very close and probably may represent successive steps in 
the progression of bladder cancer. Despite the limited amount 
of fresh tissue available it was possible to apply three different 
state of the art methods. The observed correlation between 
DNA copy number and mRNA expression is remarkable when 
one considers that different pieces of the tumor biopsies were 
used for the different sets of experiments. This indicate that 
bladder tumors are relatively homogenous, a notion recently 
supported by CGH and LOH data that showed a remarkable 
similarity even between tumors anc( distant metastasis (10, 23). 

In the few cases analyzed, mRNA and protein levels 
showed a striking correspondence although in some cases 
we found discrepancies that may be attributed to translational 
regulation, post-translational processing, protein degrada- 
tion, or a combination of these. Some transcripts belong to 
undertranslated mRNA pools, which are associated with few 
translationally inactive ribosomes; these pools, however, 
seem to be rare (24). Protein degradation, for example, may 
be very important in the case of polypeptides with a short 
half-life (e.g. signaling proteins). A poor correlation between 
mRNA and protein levels was found in liver cells as deter- 
mined by arrays and 2D-PAGE (25), and a moderate correla- 
tion was recently reported by Ideker et af. (26) in yeast, 
-."interestingly, our study revealed a much better correlation 
between gained chromosomal areas and increased mRNA 
levels than between loss of chromosomal areas and reduced 
mRNA levels. In general, the level of CGH change determined 
the ability to detect a change in transcript/ One possible 
explanation could be that by losing one allele the change in 
mRNA level is not so dramatic as compared with gain of 
material, which can be rather unlimited and may lead to a 
severalfold increase in gene copy number resulting in a much 
higher impact on transcript level. The latter would be much 
easier to detect on the expression arrays as the cut-off point 
was placed at a 2-fold level so as not to be biased by noise on 
the array. Construction of arrays with a better signal to noise 
ratio may in the future allow detection of lesser than 2-fold 
alterations in transcript levels, a feature that may facilitate the 
analysts of the effect of loss of chromosomal areas on tran- 
script levels. 
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In eleven cases we found a significant correlation between 
DNA copy number, mRNA expression, and protein level. Four 
of these proteins were encoded by genes located at a fre- 
quently amplified area in chromosome 17q. Whether DNA 
copy number is one of the mechanisms behind alteration of 
these eleven proteins is at present unknown and wilt have to 
be proved by other methods using a larger number of sam- 
ples. One factor making such studies complicated is the large 
extent of protein modification that occurs after translation, 
requiring immunoidentification and/or mass spectrometry to 
correctly identify the proteins in the gels. 

In conclusion, the results presented in this study exemplify 
the large body of knowledge that may be possible to gather in 
the future by combining state of the art techniques that follow 
the pathway from DNA to protein (26). Here, we used a tradi- 
tional chromosomal CGH method, but in the future high reso- 
lution CGH based on microarrays with many thousand radiation 
hybrid-mapped genes will increase the resolution and informa- 
tion derived from these types of experiments (2). Combined with 
expression arrays analyzing transcripts derived from genes with 
known locations, and 2D gel analysis to obtain information at 
the post-translational level, a clearer and more developed un- 
derstanding of the tumor genome will be forthcoming. 
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ABSTRACT 

Genetic changes underlie tumor progression anil may lead to cancer- 
specific expression of critical genes. Over 1100 publications have de- 
scribed the use of comparative genomic hybridization (CGH) to analyze 
the pattern of copy number alterations in cancer, but very few of the genes 
affected are known. ITere, we performed high-resolution CGH analysis on 
cl)NA rnicroarrays in breast cancer and directly compared copy number 
and niRNA expression levels of 13,824 genes to qtiuntitate the impact of 
genomic changes on gene expression, \Ve identified and mapped the 
boundaries oi 24 independent amplicons, ranging in si/.e from 0.2 to 12 
Mb. Throughout the genome, both high- and low-level copy number 
changes had a substantial impact on gene expression, with 44% of the 
highly amplified genes showing ovcrcxpression and 10.5% of the highly 
overex pressed genes being amplified. Statistical analysis with random 
permutation tests identified 270 genes whose expression levels across 14 
samples were systematically attributable to gene amplification. These 
included most previously described amplified genes in breast cancer and 
many novel targets for genomic alterations, including the HOXIi? gene, 
the presence of which in a novel amplicon at 17q21,3 was validated in 
10.2% of primary breast cancers and associated with poor patient prog- 
nosis. In conclusion. CGH on cDNA rnicroarrays revealed hundreds of 
novel genes whose ovcrcxpression is attributable to gene amplification. 
These genes may provide insights to the clonal evolution and progression 
of breast cancer and highlight promising therapeutic targets. 

INTRODUCTION 

Gene expression patterns revealed by cDNA rnicroarrays have 
facilitated classification of cancers into biologically distinct catego- 
ries, some of which may explain the clinical behavior of the tumors 
(1-6). Despite this progress in diagnostic classification, the molecular 
mechanisms underlying gene expression patterns in cancer have re- 
mained elusive, and the utility of gene expression profiling in the 
identification of specific therapeutic targets remains limited. 

Accumulation of genetic defects is thought to underlie the clonal 
evolution of cancer. Identification of the genes that mediate the effects 
oi' genetic changes may be important by highlighting transcripts that 
are actively involved in tumor progression. Such transcripts and their 
encoded proteins would be ideal targets for anticancer therapies, as 
demonstrated by the clinical success of new therapies against ampli- 
fied oncogenes, such as ERHB2 and EGFR (7, 8), in breast cancer and 
other solid tumors. Besides amplifications of known oncogenes, over 
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Fig. 1 . Imparl of gene copy number on global gene expression levels. A. percentage of 
over- 'and uwlercx pressed genes (Y axis) according to copy number ratios (X a.\is). 
Threshold values used for over- and underexpression were >2.184 (global upper 7% of 
the cON'A ratios) ami <0.-»Oi (global lower 7% of the expression ratios). B. percentage 
of amp) tiled and deleted genes according to expression ratios. Threshold values for 
amplification and deletion were >t,5 am! <0.7. 



20 recurrent regions of DNA amplification have been mapped in 
breast cancer by CGH 5 (9, 10 J. However, these amplicons are often 
large and poorly defined, and their impact on gene expression remains 
unknown. 

We hypothesized that genome-wide identification of those gene 
expression changes that are attributable to underlying gene copy 
number alterations would highlight transcripts that are actively in- 
volved in ihe causation or maintenance of ihe malignant phenotype. 
To identify such transcripts, we applied a combination of cDNA and 
CGH rnicroarrays to: (a) determine the global impact that gene copy 
number variation plays in breast cancer development and progression; 
and {bj identify and characterize those genes whose mRNA exprcs- 



- 1 The abbreviations used are: CGH, comparative genomic hybridization; FISH, fluo- 
rescence in situ hybridi/.ao'on; RT-PCK. reverse transcriplion-PCR. 
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A, chromosomal CGH analysis of MCF-7. The copy number ratio profile (blue 

i ratio of 1 .0: red line, a ratio of 0.8; 
J as a function of the position 



Fig. 2. Gcnomc-widc copy number and expression analysis in the MCH-7 breast cancer cell ! 
line) across the entire genome from lp telomere to Xq telomere is shown along with - I SD {orange lines). The black horizontal line indicates a ratio of 
and green tine a ratio of 1.2. JS-C genome-wide copy number analysts in MCF-7 by CGH on cDNA microarray. The copy number ratios were plotted a 
of the cDNA clones along the human genome. In 8, individual data points arc connected with a line, and a moving median of 10 adjacent clones is shown. Red horizontal tine, the 
copy number ratio of 1 .0.'ln C. individual data points are labeled by color coding according to cT)NA expression ratios. The bright red Juts indicate the upper 2%, and dark red dots. 
the next 5% of the expression ratios in MCF-7 cells (overexposed genes); briy r hl gretn dots indicate the lowest 2%. and dark grwn dots, the next 5% of the expression ratios 
(underexpiessed genes); die rest of the observations are shown with black crosses. The chromosome numbers are shown at the bvttom of the figure, and chromosome boundaries are 
indicated with a dashed line. 



sion is most significantly associated with amplification of the corre- 
sponding genomic template, 

MATERIALS AND METHODS 

Breasr Cancer Cell Lines. Fourteen breast cancer cell lines (BT-20. BT- 
474. HCC1428, Hs578t. MCF7. MDA-361. MDA-436, MOA-453, MDA-46S, 
SKBR-3, T-47D, UACC812, 2R-75-1, and ZR-75-301 were obtained from the 
American Type Culture Collection (Manassas. VA). Cells were grown under 
recommended culture conditions. Genomic DNA and mRNA were isolated 
using standard protocols. 

Copy Number and Expression Analyses by cDNA Micro arrays. The 
preparation and printing of the 13.824 cDNA clones on glass slides were 
performed as described (11-13). Of these clones, 244 represented uncharac- 
terized expressed sequence tags, and the remainder corresponded to known 
genes. CGH experiments on cDNA microarrays were done as described (14. 
15). Briefly. 20 p.g of genomic DNA from breast cancer ceil lines and normal 
human WBCs were digested for 14-1 S h with A/ul and thai (Life Technol- 
ogies, Inc., Rock vi He, MD) and purified by phenol/chloroform extraction. Six 
^g of digested ceil line DNAs were labeled with Cy3-dUTP (Amersham 
Pharmacia) and normal DNA with Cy5-dUTP (Amersham Pharmacia) using 
the Dioprime Labeling kit (Life Technologies, Inc.). Hybridization (14, 15) and 
posihybridization washes (13) were done as described. For the expression 
analyses, a standard reference (Universal Human Reference RNA; Straiagene, 
La Joila. CA) was used in all experiments. Forty fig of reference RNA were 
labeled with Cy3-dUTP and 3.5 |.tg of lest mRNA with Cy5-dUTP. and the 
labeled cDNAs were hybridized on microarrays as described (13, 1 5). For both 
microarray analyses, a laser confocal scanner (Agilent Technologies, Palo 
Alto, CA) was used to measure the fluorescence intensities ai the target 
locations using the DEARRAY software (16). After background subtraction, 
average intensities at each clone in the test hybridization were divided by the 
average intensity of the corresponding clone in the control hybridization. Fur 
the copy number analysis, the ratios were normalized on the basis of the 
distribution of ratios of all targets on the array and for the expression analysis 
on the basis of SS housekeeping genes, which were spotted four times onto die 
array, Low quality measurements (i.e., copy number data with mean reference 
intensity <100 fluorescent units, and expression data with both test and 
reference intensity <]()() fluorescent units ami/or with spot size <50 units) 
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were excluded from the analysis and were treated as missing values. The 
distributions of fluorescence ratios were used to define curpoints for increased/ 
decreased copy number. Genes with CGH ratio > 1 .43 ('representing the upper 
5% of the CGH ratios across all experiments) were considered to be amplified, 
and genes with ratio <0.73 (representing the lower 5%) were considered to be 
deleted. 

Statist ical Analysis of CGH and cDNA Microarray [)ata. To evaluate 
the influence of copy number alterations on gene expression, we applied the 
following statistical approach. CGH and cDNA calibrated intensity ratios were 
log-transformed and normalized using median centering of the values in each 
cell line. Furthermore, cDNA ratios for each gene across all 14 cell lines were 
median centered. For each gene, the CGH data were represented by a vector 
that was labeled 1 for amplification (ratio, > 1 .43) and 0 for no amplification. 
Amplification was correlated with gene, expression using the sigmil-to-noise 
statistics (I). We calculated a weight, v^, for each gene as follows: 

_ n\i - m ttu 

where m pl , <r^ and it^ denote the means and SDs for the expression 
levels for amplified and nonamplificd cell lines, respectively. To assess the 
statistical significance of each weight,, we performed 10,000 random permu- 
tations of the label vector, The probability Utat a gene had a larger or equal 
weight by random permutation than die original weight was denoted by u. A 
low a (<0.05) indicates a strong association between gene expression and 
amplification. 

Genomic Localization of cDNA Clones and Amplicon Mapping. Each 
cDNA clone on the microarray was assigned to a Unigene cluster using the 
Unigene Build 141." A database of genomic sequence alignment information 
for mRNA sequences was created from the August 2001 freeze of the Uni- 
versity ol* California Santa Cruz's GoldenPath database, 7 The chromosome and 
bp positions for each cDNA clone were then retrieved by relating these data 
sets. Amp! icons were defined as a CGH copy number ratio >2.0 in at least two 
adjacent clones in two or more cell lines or a CGH ratio >2.0 in at least three 
adjacent clones in a single cell line. The amp I icon start and end positions were 
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Tabic I Summary' of uulepi'itdent amplicons irt 14 bream cancur cell linw by 
COil microarray 



Location 


Start (Mb) 


End (Mb) 


Size (Ml)) 


Ipl3 


132.79 


132.94 


0.2 


Iq21 
lq22 


173.92 


177.25 


3.3 


179.28 


179.57 


0.3 


3p 14 


71.94 


74.66 


2.7 


7pl2.l-7pU.2 


55.62 


60.95 


5.3 


7q31 


125.73 


1 30.96 


5.2 


7q32 


140.01 


140.68 


0.7 


Sq2l.ll-8q2U3 


86.45 


92.46 


6.0 


8q2l.3 


98.45 


103.05 


4.6 


8q23.3-8q24.|4 


129.88 


112.15 


12.3 


8q24.22 


151.21 


152.16 


1.0 


9 P I3 


38.65 


39.25 


0.6 


!3q22-q3l 


77.15 


81.38 


4.2 


I6q22 


86.70 


S7.62 


0.9 


I7ql 1 


29.30 


30.85 


1.6 


17q]2-q2l.2 


39.79 


42.80 


3.0 


I7q2l.32-q21.33 


52.47 


55.80 


3.3 


I7q22-q23.3 


63.8! 


69.70 


5.9 


I7q23.3-q24.3 


69.93 


74.99 


5.1 


19ql3 


40.63 


4 1.40 


0.8 


20q 11.22 


34.59 


35.85 


1,3 


20ql3.t2 


44.00 


45.62 


1.6 


20ql3.l2-tiU.l3 


46.45 


49.43 


3.0 


20ql3.2-qI3.32 


51.32 


59.12 


7.8 



CGH were validated, with lq21, 17ql2-q21.2, 17q22-q23, 20ql3.I, 
and 20ql 3.2 regions being most commonly amplified. Furthermore, 
the boundaries of these amplicons were precisely delineated. In ad- 
dition, novel amplicons were identified at 9pI3 (38.65-39.25 Mb), 
and 1 7q2 1 .3 (52.47-55.80 Mb). 

Direct Identification of Putative Amplification Target Genes, 
The cDNA/CGH mi c roar ray technique enables the direct correla- 
tion of copy number and expression data on a gene-by-gene basis 
throughout the genome. We directly annotated high-resolution 
CGH plots with gene expression data using color coding. Tig. 2C 
shows that most of the amplified genes in the MCK-7 breast cancer 
cell line at lp!3, 17q22*-q23, and 2()ql3 were highly overex- 
pressed. A view of chromosome 7 in the MDA-468 cell line 
implicates £07? -us the most highly overexpressed and amplified 
gene at 7pl l~p!2 (fig. 3/1). In BT-474, the two known amplicons 
at I7ql2 and 17q22-q23 contained numerous highly overex- 
pressed genes (Pig. 3B). In addition, several genes, including the 
homeobox genes HOXB2 and HOXH 7, were highly amplified in a 
previously undescribed independent amplicon at I7q21.3. HOXH 7 
was systematically amplified (as validated by FISH, fig. 3tf, inset) 
as well as overexpressed (as verified by RT-PCR. data not shown) 
in UACCS12. and 2R-75-30 cells. Furthermore, this novel 



extended to include neighboring nonumplificd clones (ratio. < 1 .5). The am- 
plicon size determination was partially dependent on local clone density. 

FISH. Dual-color interphase FISH to breast cancer cell lines was done as 
described (17). Bacterial artificial chromosome clone RFMI-361KK was la- 
beled with SpcctrumOrange (Vysis. Downers Grove, It), and Spectrum- 
Orange-labeled probe for EGFR was obtained from Vysis. SpectrumGrecn- 
labeled chromosome 7 and 17 centromere probes (Vysis) were used as a 
reference, A tissue rnicroarray containing 612 formal in- fixed, paraffin-embed- 
ded primary breast cancers (17) was applied in FISH analyses as described 
(18). The use of these specimens was approved by the Ethics Committee of the 
University of Basel and by the NIH. Specimens containing a 2-fo!d or higher 
increase in the number of test probe signals, as compared with corresponding 
centromere signals, in at least 10% of the tumor cells were considered to be 
amplified. Survival analysis was performed using the Kaplan-Meier method 
and the log-rank test. 

RT-PCR. The HOXB7 expression level was determined relative to 
CAPDH. Reverse transcription and PGR amplification were performed using 
Access RT-PCR System (Promega Corp., Madison, Wl) with 10 ng of mRNA 
as a template. HOXH7 primers were 5'-GAGCAGAGGGACTCGGACTT-3' 
and 5 ' -GCGTCAGGTAGCG ATTGT AG-3 ' . 

RESULTS 

Global Effect of Copy Number on Gene Expression. 13,824 
arrayed cDNA clones were applied for analysis of gene expression 
and gene copy number (CGH microarrays) in 14 breast cancer cell 
lines. The results illustrate a considerable influence of copy number 
on gene expression patterns. Up to 44% of the highly amplified 
transcripts (CGH ratio, >2.5) were overexpressed {i.e., belonged to 
the global upper 7% of expression ratios), compared with only 6% for 
genes with normal copy number levels (Fig. 1A). Conversely, 10.5% 
of the transcripts with high-level expression (cDNA ratio, >10) 
showed increased copy number (Fig. \B). Low-level copy number 
increases and decreases were also associated with similar, although 
less dramatic, outcomes on gene expression (Fig. I). 

Identification of Distinct Breast Cancer Amplicons. Base-pair 
locations obtained for ! 1,994 cDNAs (86.8%) wore used to plot copy 
number changes as a function of genomic position (Fig. 2, Supple- 
ment Fig. A). The average spacing of clones throughout the genome 
was 267 kb. This high-resolution mapping identified 24 independent 
breast cancer amplicons, spanning from 0.2 to 12 Mb of DNA (Table 
I). Several amplification sites detected previously by chromosomal 
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Fig, 3. Annotation of gene expression data on CGH microarray profiles. ,4, genes in the 
7pl I -pi 2 ompiicon in the cell line arc highly expressed irett duix) and include 

the EOT? oncogene. U, several genes in the I7ql2. 17q2L3, imd I7q23 amplicons in the 
U.T-474 breast cancer cell line are highly overexpressed (red) and include the HOXH? 
gene. The data labels and coloi coding arc as indicated for Fig. 2C. fnn'.is show 
chromosomal CGH profiles for the corresponding chromosomes and validation of the 
increased copy number by interphase RSH ustnj: EGFR (reef) am! ehrotnusoiue 7 
centromere probe (gnv.n) to MDA-468 {A) and //O.Y//7-specific probe {rat!) and chro- 
mosome 17 centromere igrecn) to BT-474 cells (#). 
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Fig. 4. l.ist of 50 genes with a statistically 
significant corf elation (a value <U,05) between 
gene copy number and gene expression. Name, 
chromosomal location, and the a value for each 
gene are indicated. The genes hove been ordered 
according to their position in the genome. The color 
maps on the right illustrate the copy number and 
expression ratio patterns in the 14 cell lines. The 
key to the color code is shown at the boitom of the 
graph. Cray squares, missing values. The complete 
list of 270 gc:nes is shown in supplemental Fig. R. 
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amplification was validated to be present in 10.2% of 363 primary 
breast cancers by FISH to a tissue microarray and was associated 
with poor prognosis of the patients (P - 0.001). 

Statistical Identification and Characterization of 270 Highly 
Expressed Genes iu Amplieons. Statistical comparison of expres- 
sion levels of all genes as a function of gene amplification identified 
270 genes whose expression was significantly influenced by copy 
number across all 14 cell lines (Fig. 4, Supplemental Fig. B). Accord- 
ing to the gene ontology data, 8 91 of the 270 genes represented 
hypothetical proteins or genes with no functional annotation, whereas 
179 had associated functional information available. Of these, 151 
(84%) arc implicated in apoptosis, cell proliferation, signal transduc- 
tion, and transcription, whereas 28 (16%) had functional annotations 
that could not be directly linked with cancer. 



DISCUSSION 

The importance of recurrent gene and chromosome copy number 
changes in the development and progression of solid tumors has been 
characterized in >1000 publications applying CGH° (9, 10), as well 
as in a large number of other molecular cytogenetic, cytogenetic, and 
molecular genetic studies. The effects of these somatic genetic 
changes on gene expression levels have remained largely unknown, 
although a few studies have explored gene expression changes occur- 
ring in specific amplieons (15. 19-21), Here, we applied genome- 
wide cDNA microarray s to identify transcripts whose expression 
changes were attributable to underlying gene copy number alterations 
in breast cancer. 

The overall impact of copy number on gene expression patterns was 
substantial with the most dramatic effects seen in the case of high- 
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level copy number increase. Low-level copy number gains and kisses 
also had a significant influence on expression levels of genes in the 
regions affected, but these effects were more subtle on a gene- by-gene 
basis than those of high-level amplifications. However, the impact of 
low-level gains on the dysreguiation of gene expression patterns in 
cancer may be equally important if not more important than that of 
high-level amplifications. Ancuploidy and low-level gains and losses 
of chromosomal arms represent the most common types of genetic 
alterations in breast and other cancers and, therefore, have an influ- 
ence on many genes. Our results in breast cancer extend the recent 
studies on the impact of aneuploidy on global gene expression pat- 
terns in yeast cells, acute myeloid leukemia, and a prostate cancer 
model system (22-24}. 

The CGH microarray analysis identified 24 independent breast 
cancer am pi icons. We defined the precise boundaries for many am- 
plicons detected previously by chromosomal CGH (9, 10, 25, 26) and 
also discovered novel am pi icons that had not been detected previ- 
ously, presumably because of their small size (only 1-2 Mb) or close 
proximity to other larger amplicons. One of these novel amplicons 
involved the homeobox gene region at I7q21,3 and led to the over- 
expression of the HOXB7 and HO KB 2 genes. The homeodomain 
transcription factors are known to be key regulators of embryonic 
development and have been occasionally reported to undergo aberrant 
expression in cancer (27, 28). HOXB7 transfection induced cell pro- 
liferation in melanoma, breast, and ovarian cancer cells and increased 
tumor igenicity and angiogenesis in breast cancer (29-32). The pres- 
ent results imply that gene amplification may be a prominent mech- 
anism for overexpressing HOXB7 in breast cancer and suggest that 
HOXB7 contributes to tumor progression and confers an aggressive 
disease phenotype in breast cancer. This view is supported by our 
finding of amplification of HOXB7 in 10% of 363 primary breast 
cancers, as well as an association of amplification with poor prognosis 
of the patients. 

We carried out a systematic search to identify genes whose 
expression levels across all 14 cell lines were attributable to 
amplification status. Statistical analysis revealed 270 such genes 
(representing -2% of all genes on the array), including not only 
previously described amplified genes, such as HER-2, MYC, 
EGh'R. ribosomal protein s6 kinase, and A IBS, but also numerous 
novel genes such as NRAS-related gene Op 13), syndecan-2 (8q22), 
and bone morphogenic protein (20ql3.1), whose activation by 
amplification may similarly promote breast cancer progression. 
Most of the 270 genes have not been' implicated previously in 
breast cancer development and suggest novel pathogenetic mech- 
anisms. Although we would not expect all of them to be causally 
involved, it is intriguing that 84% of the genes with associated 
functional information were implicated in apoptosis, cell prolifer- 
ation, signal transduction, transcription, or other cellular processes 
that could directly imply a possible role in cancer progression. 
Therefore, a detailed characterization of these genes may provide 
biological insights to breast cancer progression and might lead to 
the development of novel therapeutic strategies. 

In summary, we demonstrate application of cl)NA mieroarrays 
to the analysis of both copy number and expression levels of over 
12,000 transcripts throughout the breast cancer genome, roughly 
once every 267 kb. This analysis provided: {a) evidence of a 
prominent global influence of copy number changes on gone 
expression levels; (b) a high-resolution map of 24 independent 
amplicons in breast cancer; and (c;) identification of a set of 270 
genes, the overexpression of which was statistically attributable to 
gene amplification. Characterization of a novel arnplicon at 
17q21.3 implicated amplification and overexpression of the 
HOXB7 gene in breast cancer, including a clinical association 



between HOXB 7 amplification and poor patient prognosis. Overall, 
our results illustrate how the identification of genes activated by 
gene amplification provides a powerful approach to highlight 
genes with an important role in cancer as well as to prioritize and 
validate putative targets for therapy development. 
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Genomic DNA copy number alterations are key genetic events in 
the development and progression of human cancers. Here we 
report a genome-wide microarray comparative genomic hybrid- 
ization {array CGH) analysis of DNA copy number variation in 
a series of primary human breast tumors. We have profiled DNA 
copy number alteration across 6,691 mapped human genes, in 44 
predominantly advanced, primary breast tumors and 10 breast 
cancer cell lines. While the overall patterns of DNA amplification 
and deletion corroborate previous cytogenetic studies, the high- 
resolution (gene-by-gene) mapping of amplicon boundaries and 
the quantitative analysis of amplicon shape provide significant 
improvement in the localization of candidate oncogenes. Parallel 
microarray measurements of mRNA levels reveal the remarkable 
degree to which variation in gene copy number contributes to 
variation in gene expression in tumor cells. Specifically, we find 
that 62% of highly amplified genes show moderately or highly 
elevated expression, that DNA copy number influences gene ex- 
pression across a wide range of DNA copy number alterations 
(deletion, low-, mid- and high-level amplification), that on average, 
a 2-fold change in DNA copy number is associated with a corre- 
sponding 1.5-fold change in mRNA levels, and that overall, at least 
12% of all the variation in gene expression among the breast 
tumors is directly attributable to underlying variation in gene copy 
number. These findings provide evidence that widespread DNA 
copy number alteration can lead directly to global deregulation of 
gene expression, which may contribute to the development or 
progression of cancer. 

Conventional cytogenetic techniques, including comparative 
genomic hybridization (CGH) (l), have led to the identifi- 
cation of a number of recurrent regions of DNA copy number 
alteration in breast cancer cell lines and tumors (2-4). While 
some of these regions contain known or candidate oncogenes 
(e.g., FGFRI (Spll), MYC (Sq24). CCNDl (llql3). ERBB2 
(J7u,12). and ZNF217 (20ql3)'j and tumor suppressor genes 
[RBI (I3ql4) and TP53 (I7pl3)j, the relevant gene(s) within 
other regions (e.g., gain of lq, 8q22, and 17q22-24, and loss of 
Sp) remain to be identified. A high- resolution genome -wide 
map, delineating the boundaries of DNA copy number alter- 
ations in tumors, should facilitate the localization and identifi- 
cation of oncogenes and tumor suppressor genes in breast 
cancer. In this study, we have created such a map, using 
array-based CGH (5-7) to profile DNA copy number alteration 
in a series of breast cancer cell lines and primary tumors. 

An unresolved question is the extent to which the widespread 
DNA copy number changes that we and others have identified 
in breast tumors alter expression of genes within involved 
regions. Because we had measured mRNA levels in parallel in 
the same samples (8), using the same DNA microarrays, we had 
an opportunity to explore on a genomic scale the relationship 
between DNA copy number changes and gene expression. From 



this analysis, we have identified a significant impact of wide- 
spread DNA copy number alteration on the transcriptional 
programs of breast tumors. 

Materials and Methods 

Tumors and Cell lines. Primary breast tumors were predominantly 
large (>3 cm)., intermediate-grade, infiltrating ductal carcino- 
mas, with more than 50% being lymph node positive. The 
fraction of tumor cells within specimens averaged at least 50%. 
Details of individual tumors have been published (8, 9), and 
are summarized in Table 1, which is published as supporting 
information on the WAS web site, www.pnas.org. Breast cancer 
cell lines were obtained from the American Type Culture 
Collection. Genomic DNA was isolated either using Qiagen 
genomic DNA columns, or by phenol/chloroform extraction 
followed by ethanol precipitation, 

DNA Labeling and Microarray Hybridizations. Genomic DNA label- 
ing and hybridizations were performed essentially as described 
in 'Pollack et a/. (7). with slight modifications. Two micrograms 
of DNA was labeled in a total volume of 50 microliters and the 
volumes of all reagents were adjusted accordingly. "Test" DNA 
(from tumors and cell lines) was f luorescently labeled (Cy5) and 
hybridized to a human cDNA microarray containing 6,691 
different mapped human genes (i.e., UniGcnc clusters). The 
"reference" (labeled with Cy3) for each hybridization was nor- 
mal female leukocyte DNA from a single donor. The fabrication 
of cDNA microarrays and the labeling and hybridization of 
mRNA samples have been described (8). 

Data Analysis and Map Positions. Hybridized arrays were scanned 
on a GenePix scanner (Axon Instruments, Foster City, CA). and 
fluorescence ratios (test/reference) calculated using scakalyzk 
software (available at http://rana.lbl.gov). Fluorescence ratios 
were normalized for each array by setting the average log 
fluorescence ratio for all array elements equal lo 0. Measure- 
ments with fluorescence intensities more than 20% above back- 
ground were const tie red reliable. DNA copy number profiles 
thai deviated significantly from background ratios measured in 
normal genomic DNA control hybridizations were interpreted as 
evidence of real DNA copy number alteration (see Estimating 
Significance of Altered Fluorescence Ratios in the supporting 
information). When indicated, DNA copy number profiles are 
displayed as a moving average (symmetric 5 -nearest neighbors). 
Map positions for arrayed human cDNAs were assigned by 
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Fig. 1 . Genome-wide measurement of DNA copy number alteration by array CGH, (a) DNA copy number profiles are illustrated for cell lines containing different 
numbers of X chromosomes, for breast cancer cell lines, and for breast tumors, Each row represents a different cell lino or tumor, and each column represents 
one of 6,69 1 different mapped human genes present on the microarray, ordered by genome map position from 1 pterthrough Xqter. Moving average (symmetric 
5-nearest neighbors) fluorescence ratios (test/reference) are depicted using a log^based pseudocolor scale (indicated), such that red luminescence reflects 
fold-amplification, green luminescence reflects fold*deletion, and black indicates no change (gray indicates poorly measured data). (f>) Enlarged view of DNA 
copy number profiles across the X chromosome, shown for cell lines containing different numbers of X chromosomes. 



identifying the starting position of the best and longest match of 
any DNA sequence represented in the corresponding UniGene 
cluster (10) against the "Golden Path" genome assembly 
(http://genome.ucsc.edu/; Oct 7, 2000 Freeze). For UniGene 
clusters represented by multiple arrayed elements, mean fluo- 
rescence ratios (for all elements representing the same UniGene 
cluster) are reported. For mRNA measurements, fluorescence 
ratios are ''mean-centered" (i.e., reported relative to the mean 
ratio across the 44 tumor samples). The data set described here 
can be accessed in its entirety in the supporting information. 

Results 

We performed CGH on 44 predominantly locally advanced, 
primary breast tumors and 10 breast cancer cell lines, using 
cDNA microa trays containing 6,691 different mapped human 
genes (Fig. la\ also see Materials and Methods for details of 
microarray hybridizations), To take full advantage of the im- 
proved spatial resolution of array CGH, we ordered (fluores- 
cence ratios for) the 6,691 cDNAs according to the "Golden 
Path" (http://genomc.ucsc.edu/) genome assembly of the draft 
human genome sequences (VI). In so doing, arrayed cDNAs not 
only themselves represent genes of potential interest (e.g., 
candidate oncogenes within amplicons), but also provide precise 
genetic landmarks for chromosomal regions of amplification and 



deletion, Parallel analysis of DNA from cell lines containing 
different numbers of X chromosomes (Fig. 16). as we did before 
(7), demonstrated the sensitivity of our method to detect single* 
copy loss (45, XO), and 1.5- (47.XXX), 2- (4S,X.XXX), or 
2.5 -fold (49.XXXXX) gains (also see Fig. 5, which is published 
as supporting information on the PNAS web site). Fluorescence 
ratios were linearly proportional to copy number ratios, which 
were slightly underestimated, in agreement with previous ob- 
servations (7). Numerous DNA copy number alterations were 
evident in both the breast cancer cell lines and primary tumors 
(Fig. la), detected in the tumors despite the presence of euploid 
non-tumor cell types; the magnitudes of the observed changes 
were generally lower in the tumor samples. DNA copy-number 
alterations were found in every cancer cell line and tumor, and 
on every human chromosome in at least one sample. R ecu r rent 
regions of DNA copy number gain and toss were readily iden- 
tifiable. For example, gains within lq, 8q, I7q, and 20q were 
observed in a high proportion of breast cancer cell lines/tumors 
(90%/69%, 100%/47%, 100%/60%, and 90%/44%, respective- 
ly), as were losses within lp, 3p. 8p, and 13q (80%/24%, 
80%/22%, 80%/22%, and 70%/18%, respectively), consistent 
with published cytogenetic studies (refs. 2-4; a complete listing 
of gains/ losses is provided in Tables 2 and 3, which are published 
as supporting information on the PNAS web site). The total 



12964 j www.pnas.org/cgi/doi/10.1073/pnas.l6247l999 



Pollack et ai. 



tost/roforonco ratio: 



*0.25 0.5 1 2 ?4 



Hi 



m 



SKBft3 

MDA157 
UACC-893 

ZA7S-1 



imvAYTi 



L 



STANFORD 17 
NORWAY 100 
NORVMYei 
STANPOAD 24 
STANFORD 21 
NORWAY M 
NOflWW 17 
NORWAY IR 
'-WAY 20 
WAY 65 




0 0 



© 8 . 



9 



S 8 § SO 

era* a 



8pter 



t 

cen 



8qter 



Fig. 2. DNA copy number alteration across chromosome 8 by array CGH. (a) DNA copy number profiles are illustrated for cell lines containing different numbers 
of X chromosomes, for breast cancer cell lines, and for breast tumors. Breast cancer cell lines and tumors are separately ordered by hierarchical clustering to 
highlight recurrent copy number changes. The 241 genes present on the microarrays and mapping to chromosome 8 are ordered by position along the 
chromosome. Fluorescence ratios (test/reference) are depicted by a log 2 pseudocolor scale (indicated). Selected genes are indicated with color-coded text (red, 
increased; green, decreased; black, no change; gray, not well measured) to reflect correspondingly altered mRNA levels (observed in the majority of the subset 
of samples displaying the DNA copy number change). The map positions for genes of interest that are not represented on the mfcroarray are indicated in the 
row above those genes represented on the array. <W Graphical display of DNA copy number profile for breast cancer cell line SKBR3. Fluorescence ratios 
(tumor/normal) are plotted on a log? scale for chromosome 8 genes, ordered along the chromosome. 



number of genomic alterations (gains and losses) was found to 
be significantly higher in breast tumors that were high grade (P - 
0.008), consistent with published CGH data (3), estrogen recep- 
tor negative (P - 0.04), and harboring TP53 mutations (P - 
0.0006) (see Table 4, which is published as supporting informa- 
tion on the PNAS web site). 

The improved spatial resolution of our array CGH analysis is 
illustrated for chromosome 8, which displayed extensive DNA 
copy number alteration in our series. A detailed view of the 
variation in the copy number of 241 genes mapping to chromo- 
some 8 revealed multiple regions of recurrent amplification; 
each of these potentially harbors a different known or previously 
uncharactcrized oncogene (Fig. 2a). The complexity of am pi icon 
structure is most easily appreciated in the breast cancer cell line 
SKBK3. Although a conventional CGH analysis of 8q in SKBR3 
identified only two distinct regions of amplification (12). we 
observed three distinct regions of high-level amplification (la- 
beled 1-3 in Fig. 2/?). For each of these regions we can define the 



boundaries of the interval recurrently amplified in the tumors we 
examined; in each case, known or plausible candidate oncogenes 
can be identified (a description of these regions, as well as the 
recurrently amplified regions on chromosomes 17 and 20, can be 
found in Figs. 6 and 7, which are published as supporting 
information on the FN AS web site). 

For a subset of breast cancer cell lines and tumors (4 and 37, 
respectively), and a subset of arrayed genes (6,095), mRNA 
levels were quantitatively measured in parallel by using cDNA 
microarrays (8). The parallel assessment of mRNA levels is 
useful in the interpretation of DNA copy number changes. For 
example, the highly amplified genes .that arc also highly ex- 
pressed are the strongest candidate oncogenes within an amp! i- 
con. Perhaps more significantly, our parallel analysis of DNA 
copy number changes and mRNA levels provides us the oppor- 
tunity to assess the global impact of widespread DNA copy 
number alteration on gene expression in tumor cells. 

A strong influence of DNA copy number on gene expression 
is evident in an examination of the pseudocolor representations 
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Fig. 3. Concordance between DNA copy number and gene expression across chromosome 17. DNA copy number alteration {Upper) and mRNA levels (tower) 
are illustrated ior breast cancer cell lines and tumors. Breast cancer cell lines and tumors are separately ordered by hierarchical clustering {Upper), and the 
identical sample order is maintained [Lower). The 354 genes present on the microarrays and mapping to chromosome 1 7, and for which both DNA copy number 
and mRNA levels were determined, are ordered by position along the chromosome; selected genes are indicated in color-coded text (sue Fig. 2 legend). 
Fluorescence ratios (test/reference) are depicted by separate log* pseudocolor scales (indicated). 



of DNA copy number and mRNA levels for genes on chromo- 
some 17 (Fig. 3). The overall patterns of gene amplification and 
elevated gene expression are quite concordant; i.e., a significant 
fraction of highly amplified genes appear to be correspondingly 
highly expressed. The concordance between high-level amplifi- 
cation and increased gene expression is not restricted to chro- 
mosome 17. Genome-wide, of 117 high-level DNA amplifica- 
tions (fluorescence ratios >4, and representing 91 different 
genes), 62% (representing 54 different genes; see Table 5, which 
is published as supporting information on the PNAS web site) 
arc found associated with at least moderately elevated mRNA 
levels (mean-centered fluorescence ratios >2), and 42% (rep- 
resenting 36 different genes) are found associated with compa- 
rably highly elevated mRNA levels (mean-centered fluorescence 
ratios >4). 

To determine the extent to which DNA deletion and lower- 
level amplification (in addition to high-level amplification) are 
also associated with corresponding alterations in mRNA levels, 
we performed three separate analyses on the complete data set 
(4 cell lines and 37 tumors, across 6,095 genes). First, we 
determined the average mRNA levels for each of five classes 
of genes, representing DNA deletion, no change, and low-, 
medium-, and high-level amplification (Fig. 4a). For both the 



breast cancer cell lines and tumors, average mRNA levels 
tracked with DNA copy number across all five classes, in a 
statistically significant fashion (/'values for pair-wise Student's 
/ tests comparing adjacent classes: cell lines, 4 X 10 1 X lO" 1 ' 9 , 
5 x 10~ 5 , 1 X U)- 2 ; tumors. 1 X KT iU , I x lCT 214 . 5 x 10~ 41 . 
1 x 10""*). A linear regression of the average log(DNA copy 
number), for each class, against average log(mRNA level) 
demonstrated (hat on average, a 2-fold change in DNA copy 
number was accompanied by 1 .4- and 1.5-fold changes in mRNA 
level for the breast cancer cell lines and tumors, respectively (Fig. 
4a, regression line not shown). Second, we characterized the 
distribution of the 6,095 correlations between DNA copy num- 
ber and mRNA level, each across the 37 tumor samples (Fig. 4b). 
The distribution of correlations forms a normal-shaped curve, 
bm with the peak markedly shifted in the positive direction from 
zero. This shift is statistically significant, as evidenced in a plot 
of observed vs. expected correlations (Fig. 4c), and reflects a 
pervasive global influence of DNA copy number alterations on 
gene expression. Notably, the highest correlations between DNA 
copy number and mRNA level (the right tail of the distribution 
in Fig. 4/;) comprise both amplified and deleted genes (data not 
shown). Third, we used a linear regression model to estimate the 
fraction of all variation measured in mRNA levels among the 37 
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Fig, 4. Genome-wide influence of ONA copy number alterations on mftNA levels, (a) For breast cancer cell lines {gray) and tumor samples (black), both 
mean-centered mRNA fluorescence ratio <log 2 scale) quartiies {box plots indicate 2Sth, 50th, and 75th percentile) and averages (diamonds; y-value error bars 
indicate standard errors of the mean) are plotted for each of five classes of genes, representing DNA deletion (tumor/normal ratio < 0.8), no change (0.S -1.2), 
low- (1.2-2). medium- (2- 4), and high-level (>A) amplification. P values for pair-wise Student's f tests, comparing averages between adjacent classes (moving 
left to right), are 4 x lO" 49 , }'< \0~*i 5 X 1CT\ 1 * 10 ~ } (cell lines), and 1 >' 10 " 43 , 1 x 10"' 14 . 5 * lO" 41 , 1 x 10 -4 (tumors). (6) Distribution of correlations between 
DNA copy number and mRNA levels, for 6,095 different human genes across 37 breast tumor samples, (c) Plot of observed vcrsuscxpccted correlation coefficients. 
The expected values were obtained by randomization of the sample labels in the DNA copy number data set. The line of unity is indicated, id) Percent variance 
in gene expression (among tumors) directly explained by variation in gene copy number. Percent variance explained (black line) and fraction of data retained 
(gray line) are plotted for different fluorescence intensity/background (a rough surrogate for signal/noise) cutoff values. Fraction of data retained is relative 
to the 1.2 intensity/background cutoff, Details of the linear regression model used to estimate the fraction of variation in gene expression attributable to 
underlying DNA copy number alteration can be found in the supporting information (see Estimating the Fraction of Variation in Gene Expression Attributable 
to Underlying DNA Copy Number Alteration). 



tumors that could be attributed to underlying variation in DNA 
copy number. From this analysis, we estimate that, overall, about 
1% of all of the observed variation in mRNA levels can be 
explained directly by variation in copy number of the altered 
genes (Fig. Ad). We can reduce the effects of experimental 
measurement error on this estimate by using only that fraction 
of the data most reliably measured (fluorescence intensity/ 
background >3); using that data, our estimate of the percent 
variation in mRNA levels directly attributed to variation in gene 
copy number increases to 12% (Fig. Ad). This still undoubtedly 
represents a significant underestimate, as the observed variation 
in global gene expression is affected not only by true variation in 
the expression programs of the tumor celts themselves, but also 
by the variable presence of non-tumor cell types within clinical 
samples. 

Discussion 

"Phis genome-wide, array CGH analysis of DNA copy number 
alteration in a series of human breast tumors demonstrates the 
usefulness of defining am pi icon boundaries at high resolution 
(gene-by-gene), and quantitatively measuring ampl icon shape, to 
assist in locating and identifying candidate oncogenes. By ana- 
lyzing mRNA levels in parallel, we have also discovered that 
changes in DNA copy number have a large, pervasive, direct 
effect on global gene expression patterns in both breast cancer 



ceil lines and tumors. Although the DNA microarrays used in our 
analysis may display a bias toward characterized and/or highly 
expressed genes, because we arc examining such a large fraction 
of the genome (approximately 20% of all human genes), and 
because, as detailed above, we are likely underestimating the 
contribution of DNA copy number changes to altered gene 
expression, we believe our findings are likely to be genera I izable 
(but would nevertheless still be remarkable if only applicable to 
this set of —6,100 genes). 

In budding yeast, aneuploidy has been shown to result in 
chromosome- wide gene expression biases (13). Two recent 
studies have begun to examine the global relationship between 
DNA copy number and gene expression in cancer cells. In 
agreement with our findings, Phillips e.t ni. (14) have shown that 
with the acquisition of tumorigenicity .in an immortalized pros- 
tate epithelial cell line, new chromosomal gains and losses 
resulted in a statistically significant ■ respective increase and 
decrease in the average expression level of involved genes. In 
contrast. Platzei et of. (15) recently reported that in metastatic 
colon tumors only ~4% of genes within amplified regions were 
found more highly (> 2-fold) expressed, when compared with 
normal colonic epithelium. This report differs substantially from 
our finding that 62% of highly amplified genes in breast cancer 
exhibit at least 2- fold increased expression. These contrasting 
findings may reflect methodological differences between the 
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studies. For example, the study of Platzer el al (15) may have 
systematically under-measured gene expression changes. In this 
regard it is remarkable thai only 14 transcripts of many thousand 
residing within unarnplif'ied chromosomal regions were found to 
exhibit at least 4-fold altered expression in metastatic colon 
cancer. Additionally, their reliance on lower- resolution chromo- 
somal CGH may have resulted in poorly delimiting the bound- 
aries of high-complexity amplicons, effectively overcalling re- 
gions with amplification. Alternatively, the contrasting findings 
for amplified genes may represent real biological differences 
between breast and metastatic colon tumors; resolution of this 
issue will require further studies. 

Our finding that widespread DNA copy number alteration has 
a large, pervasive and direct effect on global gene expression 
patterns in breast cancer has several important implications. 
First, this finding supports a high degree of copy number- 
dependent gene expression in tumors. Second, it suggests that 
most genes are not subject to specific autorcgulation or dosage 
compensation. Third, this finding cautions that elevated expres- 
sion of an amplified gene cannot alone be considered strong 
independent evidence of a candidate oncogene's role in tumor- 
igenesis. In our study, fully 62% of highly amplified genes 
demonstrated moderately or highly elevated expression. This 
highlights the importance of high -resolution mapping of ampli- 
con boundaries and shape [to identify the ''driving" gene(s) 
within amplicons (16)| f on a large number of samples, in addition 
to functional studies. Fourth, this finding suggests that analyzing 
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the genomic distribution of expressed genes, even within existing 
micmarray gene expression data sets, may permit the inference 
of DNA copy number aberration, particularly aneuploidy (where 
gene expression can be averaged across large chromosomal 
regions; see Fig. 3 and supporting information). Fifth, this 
finding implies "that a substantial portion of the phenotypic 
uniqueness (and by extension, the heterogeneity in clinical 
behavior) among patients' tumors may be traceable to underly- 
ing variation in DNA copy number. Sixth, this finding supports 
a possible role for widespread DNA copy number alteration in 
tumorigenesis (17, 18), beyond the amplification of specific 
oncogenes and deletion of specific tumor suppressor genes. 
Widespread DNA copy number alteration, and the concomitant 
widespread imbalance in gene expression,' might disrupt critical 
stochiometric relationships in cell metabolism and physiology 
(e.g., proteosome, mitotic spindle), possibly promoting further 
chromosomal instability and directly contributing to tumor 
development or progression. Finally, our findings suggest the 
possibility of cancer therapies that exploit specific or global 
imbalances in gene expression in cancer. 
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Each year, over 182,000 women in the United States are 
diagnosed with breast cancer, and approximately 45,000 die 
of the disease. 1 Incidence appears to be increasing in the 
United States at a rate of roughly 2% per year. The reasons 
for the increase are unclear, but non-genetic risk factors appear 
to play a large role. 2 

Five-year survival rates range from approximately 65%- 
85%, depending on demographic group, with a significant 
percentage of women experiencing recurrence of their cancer 
within 10 years of diagnosis. One of the factors most predic- 
tive for recurrence once a diagnosis of breast cancer has been 
made is the number of axillary lymph nodes to which tumor 
has metastasized. Most node-positive women are given adju- 
vant therapy, which increases their survival. However, 20%- 
30% of patients without axillary node involvement also 
develop recurrent disease, and the difficulty lies in how to iden- 
tify this high-risk subset of patients. These patients could 
benefit from increased surveillance, early intervention, and 
treatment. 

Prognostic markers currently used in breast cancer recur- 
rence prediction include rumor size, histological grade, steroid 
hormone receptor status, DNA ploidy, proliferative index, and 
cathepsin D status. Expression of growth factor receptors and 
over-expression of the HER-2/neu oncogene have also been 
identified as having value regarding treatment regimen and 
prognosis. 

HER-2/neu (also known as c-erbB2) is an oncogene that 
encodes a transmembrane glycoprotein that is homologous 
to, but distinct from, the epidermal growth factor receptor. 
Numerous studies have indicated that high levels of expres- 
sion of this protein are associated with rapid tumor growth, 
certain forms of therapy resistance, and shorter disease-free 
survival. The gene has been shown to be amplified and/or 
overexpressed in 10%-30% of invasive breast cancers and in 
40%-60% of intraductal breast carcinoma. 3 

There are two distinct FDA-approved methods by which 
HER-2/neu status can be evaluated: immunohistochemistry 
(IHC, HercepTest™) and FISH (fluorescent in situ hybridiza- 
tion, PathVysion™ Kit). Both methods can be performed on 
archived and current specimens. The first method allows visual 
assessment of the amount of HER-2/neu protein present on 
the cell membrane, The latter method allows direct quantifi- 
cation of the level of gene amplification present in the tumor, 
enabling differentiation between low- versus high-amplifica- 
ticrh. At least one study has demonstrated a difference in 



recurrence risk in women younger than 40 years of age for 
low- versus high-amplified tumors (54.5% compared to 
85.7%); this is compared to a recurrence rate of 16.7% for 
patients with no HER-2/neu gene amplification. 4 HER-2/neu 
status may be particularly important to establish in women with 
small (< 1 cm) tumor size. 

The choice of methodology for determination of HER-2/ 
neu status depends in part on the clinical setting. FDA approval 
for the Vysis FISH test was granted based on clinical trials 
involving 1549 node-positive patients. Patients received one 
of three different treatments consisting of different doses of 
cyclophosphamide, Adriamycin, and 5-fluorouracil (CAF). 
The study showed that patients with amplified HER-2/neu 
benefited from treatment with higher doses of adri amy c in- 
based therapy, while those with normal HER-2/neu levels did 
not. The study therefore identified a sub-set of women, who 
because they did not benefit from more aggressive treatment, 
did not need to be exposed to the associated side effects. In 
addition, other evidence indicates that HER-2/neu amplifica-- 
tion in node- negative patients can be used as an independent 
prognostic indicator for early recurrence, recurrent disease at 
any lime and disease-related death. * Demonstration of HER- 
2/neu gene amplification by FISH has also been shown to be 
of value in predicting response to chemotherapy in stage-2 
breast cancer patients. 

Selection of patients for Herceptin® (Trastuzumab) mono- 
clonal antibody therapy, however, is based upon demonstra- 
tion of HER-2/neu protein overexpression using HercepTest™. 
Studies using Herceptin® in patients with metastatic breast 
cancer show an increase in time to disease progression, 
increased response rate to chemotherapeutic agents and a small 
increase in overall survival rate. The FISH assays have not yet 
been approved for this purpose, and studies looking at response 
to Herceptin® in patients with or without gene amplification 
status determined by FISH are in progress. 

In general, FISH and IHC results correlate well. However, 
subsets of tumors are found which show discordant results; 
i.e., protein overexpression without gene amplification or lack 
of protein overexpression with gene amplification. The clini- 
cal significance of such results is unclear Based on the above 
considerations, H ER-2/neu testing at SHMC/PAML will uti- 
lize immunohistochemistry (HercepTest®) as a screen, fol- 
lowed by FISH in IHC-negative cases. Alternatively, either 
method may be ordered individually depending on the clini- 
cal setting or clinician preference. 




CPT code information 

HE.K-2/neu via IHC 
88342 (including interpretive report) 

HER-2/neu via FISH 

88271 x2 Molecular cytogenetics, DNA probe, each 
88274 Molecular cytogenetics, interphase, in situ hybrid- 
ization, analyze 25-99 cells 
88291 Cytogenetics and molecular cytogenetics, interpre-. 
tation and report 

Procedural Information 

Immunohistochemistry is performed using the FDA-approved 
DAKO antibody kit, Herceptest®. The DAKO kit contains 
reagents required to complete a two-step immunohisto- 
chemical staining procedure for.routinely processed, paraffin- 
embedded specimens. Following incubation with the primary 
rabbit antibody to human HER-2/neu protein, the kit employs 
a ready-to-use dextran-based visualization reagent. This re- 
agent consists of both secondary goat anti-rabbit antibody 
molecules with horseradish peroxidase molecules linked to a 
common dcxtran polymer backbone, thus eliminating the need 
for sequential application of link antibody and peroxidase 
conjugated antibody. Enzymatic conversion of the subse- 
quently added chromogen results in formation of visible 
reaction product at the antigen site. The specimen is then coun- 
terstaineci; a pathologist using light-rnicroscopy interprets 
results. 

FISH analysis at SHMC/PAML is performed using the 
FDA'-approved PathVysion™ HER-2/neu DNA probe kit, pro- 
duced by Vysis, Inc. Formalin fixed, paraffin-embedded breast 
tissue is processed using routine histological methods, and then 
slides are treated to allow hybridization of DNA probes to the 
nuclei present in the.tissue section. The Pathvysion™ kit con- 
tains two direct-labeled DNA probes, one specific for the 
alphoid repetitive DNA (CEP 1 7, spectrum orange) present at 
the chromosome 17 centromere and the second for the HER- 
2/neu oncogene located at 1 7q 11 .2- 1 2 (spectrum green). Enu- 
meration of the probes allows a ratio of the number of copies 
of chromosome 17 to the number of copies of HER-2/neu to 
be obtained; this enables quantification of low versus high 
amplification levels, and allows an estimate of the percentage 
of cells with HER -2/neu gene amplification. The clinically 
relevant distinction is whether the gene amplification is due 
to increased gene copy number on the two chromosome 17 
homologues normally present or an. increase in the number of 
chromosome 17s in the cells. In the majority of cases, ratio 
equivalents less than 2.0 are indicative of a normal/negative 
result, ratios of 2.1 and over indicate that amplification is 
present and to what degree. Interpretation of this data will be 
performed and reported from the Vysis-certificd Cytogenet- 
ics laboratory at SHMC. 
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ABSTRACT The consistent cytogenetic translocation of 
chronic myelogenous leukemia (the Philadelphia chromosome, 
Ph*) has been observed in cells of multiple hematopoietic 
Uncages. This translocation creates a chimeric gene composed 
of breakpoint-cluster-region [bcr) sequences from chromosome 
22 fused to a portion of the abl oncogene on chromosome 9, The 
resulting gene product (P2I0 c ** bI ) resembles the transforming 
protein of the Ahelson murine leukemia virus in its structure 
and tyrosine kinase activity. P2lQ c "* bl ts expressed in Ph 1 - 
posltive cell lines of myeloid lineage and In clinical specimens 
with, myeloid predominance. We show here that Epsteln-Barr 
virus-transformed B-lymphocyte lines that retain Ph 1 can 
express P210 f '* bl , The level of expression in these B-cell lines Is 
generally lower and more variable than that observed for 
myeloid lines. Protein expression Is riot related to amplification 
of the abl gene but to variation In the level of bcr-abl mRNA 
produced from a single Ph* template. 



Chronic myelogenous leukemia (CML) is a disease of the 
pluripotent stem cell (1), In greater than 95% of patients, the 
leukemic cells contain the cytogenetic marker known as the 
Philadelphia chromosome, or Ph 1 (2). This reciprocal 
translocation event between the long-arms of chromosomes 
9 and 22 has been used as a disease-specific marker for 
diagnosis and evaluation of therapy. Multiple hematopoietic 
lineages, including myeloid and B-lymphoid, contain Ph J in 
early or chronic phase, as well as in the more acute accel- 
erated and blast crisis phases of the disease, 

One molecular consequence of Ph 1 is the translocation of 
the chromosomal arm containing the c-abl gene on chromo- 
some 9 into the middle of the breakpoint-cluster region (bcr) 
gene on chromosome 22 (3-6).' AJthough the precise 
translocation breakpoints are variable, an RNA-splicing 
mechanism generates a very similar 8-kilobase (kb) mRNA in 
each case (5-9). The hybrid bcr-abl message encodes a 
structurally altered form of the abl oncogene product, called 
P2j0c-«bi (10-13), with an amino-terminal segment derived 
from a portion of the exons of bcr on chromosome 22 and a 
carboxyl-termina! segment derived from a major portion of 
the exons of the c-abl gene on chromosome 9. The chimeric 
structure of bcr-abl and the resulting P2lO c ' abl is similar to the 
structure of the Abelson murine leukemia virus gag-abi 
genome and resulting Pl60 v " abl transforming gene product. 
Both proteins have very similar tyrosine kinase activities (10, 
11, 14) which can be distinguished by their relative stability 
to denaturing detergents and by their ATP requirements from 
the recently described tyrosine kinase activity of the c-abl 
gene product (15). 
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In concert with structural modification of the amino- 
terminal portion of the abl gene, increased level of expression 
has been implicated in activation of c-abl oncogenic poten- 
tial. Myeloid and erythroid cell lines and clinical samples 
derived from acute-phase CML patients contain about 10- 
fold higher levels ofthe8-kb 6cr-fl£>/ mRN A and P210 c ' 8bt than 
the c-abl mRN A forms (6 and 7 kb) and P145 c '* bl gene product 
(5, 8, 9, 11). The higher level of expression of the chimeric 
bcr-abl message in acute-phase cells is not likely to be solely 
due to the presence of the bcr promoter sequences at the 5' 
end of the gene, since the normal 4,5-kb and 6,7-kb bcr- 
encoded mRNA species are expressed at an even lower level 
than the normal c-abl messages (5, 6), 

We have analyzed a series. of Epstein-Barr virus- immor- 
talized B-lymphoid cell lines derived from CML patients (16). 
With such in vitro clonal cell lines, we can evaluate whether 
the presence of Ph 1 always results in synthesis of the chimeric 
bcr-abl message and protejn, and whether the quantitative 
expression varies for cells of B-lymphoid lineage as com- 
pared to previously examined myeloid cell lines. Our results 
show that cell lines that retain Ph* do express bcr-abl message 
and protein, but that the level is generally lower and more 
variable than previously seen for myeloid eel! lines. The 
demonstration that the Ph 1 chromosomal template can vary 
in its level of expression of P210 c * sbl suggests that secondary 
mechanisms, beyond the translocation itself, contribute to 
the regulation of the bcr-qbl gene in different cell types or 
subclones that derive from the affected stem cell. 

MATERIALS AND METHODS 

Cells and Cell Labelings. Epstein-Barr virus-transformed 
B-lymphoid cell lines were established from peripheral blood 
samples of chronic- and acute-phase CML patients as report- 
ed (16). The cell lines are designated according to patient 
number, karyotype, and lineage. For example, SK- 
CML7Bt(9,22)-33 refers to CML patient 7, B-lymphoid cell 
line, 9;22 translocation (Ph 1 ), cell line 33; and SK-CML7BN- 
2 refers to B-cell line 2 with a normal karyotype derived from 
the same patient. Repeat karyotype analysis was performed 
to verify the retention of Ph 1 just prior to analysis for abl 
protein and RNA. Ceils were maintained in RPMI 1640 
medium with 20% fetal bovine serum. We have not observed 
any consistent pattern of in vitro growth rate that correlates 
to the stage of disease at. the time of transformation with 
Epstein-Barr virus. Cells (1.5 x 10 7 ) were washed twice with 
Dulbccco's modified Eagle's medium lacking phosphate and 



Abbreviations; bcr\ breakpoint-cluster region; CML, chronic 
myelogenous leukemia; kb, kilobase(s). 
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Table 1. Relative levels of bcr-abl expression in Epstein-Barr 
virus-immortalized B-cell lines and myeloid CML lines 



Cell line* 


CML phase 1 


Pb 1 * 


P210! 


mRNA* 


SK-CML7BN-2 


BC 








SK-CML8BN-10 


Chronic 








SK-CML8BNM2 


Chronic 








SK-CML16BN-1 


Chronic 








SK-CML35BN-1 


Chronic. 








SK-CML7B5-33 


BC 


+ 


+ + + 


+ + •+■ 


SK-CML21BH 


Acc 


+ 


+ -r-r 


+ + + 


SK-CML21BI-6 


Acc 


+ 


+ + + 


+ + + 


SK-CMLSBt-3 


Chronic 


+ 


■t- 


± 


SK-CMU6RM 


Chronic 




4- 


+ 


SK-CML35BI-2 


Chronic 


+ 


+ 


+ 


K562 


BC 


+ 


+ + + + + 


+ + + + + 


BV173 


BC 


+ 


+ + 4- + + 


+ + + + + 


EM2 


BC 




+ + + + + 


+ + + + + 



♦Cell lines derived from CML patients by transformation with 
Epstein-Barr virus as described (16). Names of cell lines indicate 
patient number and Ph l status: SK-CML7BC indicates a cell line 
derived from patient 7 that carries the 9;22 Ph 1 translocation; N 
indicates a normal karyotype. Myeloid-erythroid cell lines (K562, 
EM2, and BV1 73) are described in previous publications (9, II, 22, 
33). 

^Status of patient at the time cell line was derived. BC, blast crisis; 
Acc, accelerated phase. 

^Presence (+) or absence (-} of Ph 1 as demonstrated by karyotypic 
or Southern blot analysis. 

Sp^lO*'* 1 * 1 detected as described in legend to Fig. 1, B-ccl! lines 
derived from blast-crisis and accelerated-phase patients had levels 
of P210 3* to 5-fold higher (+ + +) than levels of P145. Chronic- 
phase-derived cell lines had P210 levels lower than or just equivalent 
( + ) to the level of P145. Myeloid and erythroid lines had levels of 
P210 5- to 10-fold higher than P145 (+ + + + +). 

^Eieht-kilobase bcr-abl mRNA detected as described in legend to 
Fig. 2. Symbols: borderline detectable; + + + + , level of 8-kb 
mRNA 5- to 10-foJd higher than that of the 6- and 7-kh c-aM mRNA 
species; + + + , level of 8-kb mRNA 3- to 5-fold higher than that of 
the 6- and 7-kb species; +, a level approximately equivalent to that 
of the 6- and 7-kb messages. 

data not shown). There was no difference in the copy number 
of oM-related sequences as judged by Southern blot analysis 
(Fig. 4). Only the K562 cell line control showed an amplifi- 
cation of abl sequences, as previously reported (22, 23). 
These combined data suggest that differential bcr-abl mRNA 
expression from a single gene template is responsible for the 
variable levels of detected. This could be mediated 




— P210 



P145 



Flo. 2. Analysis of steady-state abl protein levels by immuno- 
blotting, Cell extracts prepared from 2 x 1Q 7 cells of lines SK- 
CML7BN-2 (A,— ), SK-CMUBt-33 (A. + ), SK-CML8BN-10 (B,-), 
and SK-CML8Bt-3 (#, + ) were, concentrated by immunoprecip- 
itation with anti-pEX-2 plus anii-pEX-3. Samples were then electro- 
phoresed in a NaDodSO^/8% polyacrylamide gel and transferred to 
nitrocellulose, using protease-faciiitated transfer (18). abl proteins 
were detected using a mixture of two monoclonal antibodies directed 
against the pEX*2 and pEX-5 oi»/-protein fragments produced in 
bacteria (19) as a probe and a peroxidase-conjugated goat anti-mouse 
second-stage antibody (Bio-Rad) for development. 
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Fig, 3. Comparison of abl RNA levels in Ph'-positive and 
-negative B-cell lines. The levels of the normal 6- and 7-kb c-abl 
RNAs and the 8-kb bcr-abl RNA were analyzed by blot hybridization 
using a v-abl probe. RNA was extruded from Ph^negative lines 
SK-CML7BN-2 (A,-) and SK-CML16BN-1 (B-), from Ph>-pos- 
.itive lines SK-CML6Bt-33 (A,+) and SK-CML16Bt-3 + and 
from line K562 (C, + ) by the NaDodS0 4 /urea/phenol method (20), 
Polyadenylylated RNA was purified by oligo(dT) affinity chroma- 
tography, and 15 of each sample was clectrophorcsed in a 1% 
agarose/formaldehyde gel and then transferred to nitrocellulose. The 
blotted RNAs were hybridized with a nick-translated v-abl fragment 
probe (21) and then autoradiographed for 4 days. 

by factors influencing the transcription rate of the bcr-abl 
gene or the stability of the mRNA. 

DISCUSSION 

Several lines of evidence suggest that formation of Ph 1 is not 
• the primary event that affects the stem cell in CML, Patients 
have been identified that present with the clinical picture of 
CML but only later develop Ph 1 (1). This observation, 
coupled with studies of G6PD (glucose-6-phosphatc deny* 
drogenase)-heterozygous females with CML that demon- 
strate stem-cell clonality by isozyme analysis among cell 
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Fio. 4. Southern blot analysis of abl sequences in Ph'-positive 
and -negative B-cell lines. High molecular weight DNA (15 me) was 
digested with restriction endonuclease BamH], separated in a 0.8% 
agarose gel, and then transferred to nitrocellulose. The blotted DNA 
fragments were hybridized with a nick-translated, 2.4-kb Bgl 11 v-ab! 
fragment (1,5 x 10 s cpm/^g; ref, 21) and exposed for 4 days, (A) 
Autoradiogram of o6/-specific fragments in cell tines HL-60 (lane 1), 
EM2 (lane 2), K562 (lane 3), SK-CMUBt-33 (lane 4), SK-CML8Bt-3 
Gane 5), SK-CML16BM (lane 6), SK-CML21Bt-6 (lane 7), SK- 
CMU5BI-2 (lane 8), SK-CML7BN-2 (lane 9), SK-CML8BN-2 (lane 
10), and SK-CML35BN-1 (lane 1 1). (B) Ethidium bromide staining of 
agarose gel prior to transfer to nitrocellulose, showing the level of 
variation in amount of DNA loaded per lane. 
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populations that lack the Ph 1 marker, supports a secondary 
or complementary role for Ph 1 in the progression of the 
disease (24, 25), This chromosome marker is found in 
chronic, accelerated, and blast -crisis phases of the disease. It 
is likely that Ph 1 confers some growth advantage, since cells 
with the marker chromosome eventually predominate the 
marrow and peripheral blood even in chronic phase. During 
the phase of blast crisis, many patients develop additional 
chromosome abnormalities, including duplication of Ph\ a 
variety of trisomies, and complex translocations (26). This 
is suggestive evidence for Ph 1 being a necessary but not 
sufficient genetic change for the full evolution of the 
disease. 

The realization that one molecular result of Ph 1 is the 
generation of a chimeric bcr-abl protein with functional 
characteristics and structure analogous to the gag-obl trans- 
forming protein of the Abelson murine leukemia virus 
strengthens the argument for an important role of Ph 1 in the 
pathogenesis of CML. Although the Abelson virus is gener* 
ally considered a rapidly transforming retrovirus, its effects 
can range from overcoming growth factor requirements, to 
cellular lethality, to induction of highly oncogenic tumors in 
a number of hematopoietic cell lineages (27, 28). Even in the 
transformation of murine cell targets, there are several lines 
of evidence that suggest that the growth-promoting activity of 
the \-abl gene product is complemented by further cellular 
changes in the production of the malignant-cell phenotype 
(29-31). 

The regulation of bcr-abl gene expression is complex 
because the 5' end of the gene is derived from the non-aW 
sequences, bcr, normally found on chromosome 22 (6). The 
level of stable message for the normal bcr gene and the 
normaJ obi gene are both much lower than the level of the 
bcr-abl message and protein from cell lines and clinical 
specimens derived from myeloid blast-crisis patients (5, 6, 
11). Therefore, the high level of bcr-abl expression cannot 
simply be attributed to the regulatory sequences associated 
with bcr. Possibly, creation of the chimeric gene disrupts the 
normal regulatory sequences and results in a higher level of 
expression. Variation in bcr-abl expression may result from 
secondary changes in the structure of the chimeric gene or 
function of r/-tm y-acting factors that occur during evolution of 
the disease. Our analysis of P210 cabl and the 8-kb mRNA in 
Epstein-Barr virus-transformed Prepositive B-cell lines 
demonstrates that stable message and protein levels from the 
bcr-abl gene can vary over a wide range. This variation does 
not result from a change in the number of bcr-abl templates 
secondary to gene amplification but more likely from changes 
in either transcription rate or mRNA stability. We suspect 
this range of bcr-abl expression is not limited to lymphoid 
cells, Analysis of peripheral blood leukocytes derived from 
an unusual CML patient who has been in chronic phase with 
myeloid predominance for 16 years showed a level of 
P210 c " w one-fifth that of P145 c " bl , as detected by metabolic 
labeling with ["Pjorthophosphate and immunoprecipitation 
(S.C., O.N.W., and P. Greenberg, unpublished observa- 
tions). Lower levels of expression of the chimeric mRNA 
have been demonstrated in clinical samples from chronic- 
phase CML patients compared to acute-phase CML patients 
(9). Others have reported chronic-phase patients with vari- 
able but, in some cases, relatively high levels of the bcr-abl 
mRNA (32). The sampling variation and the heterogenous 
mixture of cell types in clinical samples complicate such 
analyses. Further work is needed to evaluate whether there 
is a defined change in P210 c ' aW expression during the pro- 
gression of CML. It is interesting to note that among the 
limited sample of Prepositive B-cell lines we have examined 
(Table 1), we have seen higher levels of P210 c * abl in those 
derived from patu* v at more advanced stages of the disease. 
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ft will be important to search for cell-type-specific mecha- 
nisms that might regulate expression of bcr-abl from Ph 1 , 
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ABSTRACT VVnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WI$P~I and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
VVnt-1, but not by Wnt-4. Together with a third related gene, 
\YI$P~3j these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated 1VJSP induction to be associated with the expression of 
Wnt-1. These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracyline repressive promoter, and (i7) Wnt-1 transgenic 
mice. The WISP-l gene was localized to human chromosome 
8q24.1-8q24.3. WISP- 1 genomic ON A was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpresscd (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa, WlSP-3 
mapped to chromosome 6i|22-6q23 and also was overex- 
presscd (4- to >40-fold) in 63% of the colon tumors analyzed. 
In contrast, WlSP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of eysleinc-rieh, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of eel! proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling ' 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the ceiJ membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-30 (GSK-30) resulting in an increase in 
/3-catenin levels. Stabilized /3-catenin interacts with the tran- 
scription factor TCF/Lef'l, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (A PC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
0-catenin levels (9). A PC is phosphorylated by GSK-3j3, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either A PC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1).. 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the di verse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3 t a member of 
the transforming growth factor (TGF)-/3 ■ superfamily, and the 
homeobox genes, engrailed, goosecoid, twin (Xiwn), and siamois 
(2). A recent report also identifies c~myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed ceiJ pheno- 
lype, we used a PGR -based cONA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Writ-] retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and rcfractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WfSP-J 
and WfSP-2, and a third related gene,. WISP-3. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH, SSH was performed by using the PCR-Seleci cONA 
Subtraction Kit (CLONTECH). Tester double-stranded 
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cDNA was synthesized from 2 of poly(A) + RNA isolated 
from the.C57MG/Wnt-l cell line and driver cDNA from 2 /xg 
of poly(A) + RNA from the parent C57MG ceils. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP- 1 were isolated by screening a AgtlO mouse 
embryo cDN A library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-] 
were isolated by screening Agt 10 lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lungcDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length. cDNAs encoding WISP -3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PGR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 fiM of each dNTP at 
94°C for L sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and anlisense ri bo- 
probes were transcribed from an 897-bp PGR product corre- 
sponding to nucleotides 601-1440 of mouse WISP- 1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR -amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens, Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagcn) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechsi 
dye 33258 intercalation fluorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugal ion 
over CsCI cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis, Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PGR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quant itate the genes. The 
relative gene copy number was derived by using the formula 
2(A«) w here ACt represents the. difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
a-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The WISP- specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

isolation of WISP-J and WIS I*- 2 by SSH. To identify Wnt- 
1 -inducible genes, we used the technique of SSH using the 
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mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-l (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence lags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP- 1 and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-'l, does not induce 
the morphological transformation of C57MG cells and has no 
effect on 0-catenin levels (13, 14). Expression of WISP- 1 was 
up-regulated approximately 3-fold in the C57MG/ Wnt-l cell 
line and WISP-2 by approximately 5 -fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-.l induction. C57MG cells express- 
ing the Writ- 1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-'l in the 
repressed state but show a strong induction of Wnt-I mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-l and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-l mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6- fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-l expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-l 
signaling. 

cDNA clones, of human WISP- 1 were isolated and the 
sequence compared with mouse WISP- 1. The cDN A sequences 
of mouse. and human WISP- 1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 a a, with predicted 
relative molecular masses of ^40,000 (;V/ r 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 2/1). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of «*27,0G0 (M r 21 K) (Fig. 2B). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Fig. 1. WISP-I and WISP-2 are induced by Wnt-l, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP- 1 (A) and 
WISP-2 (B) expression in C57MG, CS7MG/WnM, and C57MG/ 
Wnt-4 cells. I'olyCA) 4 RNA (2 was subjected to Northern blot 
analysis find hybridized with a 70-bp mouse \WSP- /-specific probe 
(amino acids 278-300) or a 190-bp WISP- 2- specific probe (nucleotides 
1438- 1 627) in the 3' untranslated region. Blots were reliybridized with 
human f?-actifi probe. 
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Fig, 2. Encoded amino acid sequence alignment of mouse and 
human WISP- 1 (A) and mouse and human WISP-2 (II). The potential 
signal sequence, insulin-like growth factor-binding protein ("IGF- BP), 
VWC, thrombospondin (TSP), and C- terminal (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-l. 

Identification of WISPS. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-l protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called W'lSP-3. A full-length human 
WISP-3 cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WJSP-3 has two potential N-linked glycosyi- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-l and W.1SP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-l and 32% identity with WISP-3 (Fig. 3/1). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-l, WISP-2, and WISP-3 are novel sequences; 
however, mouse WISP-l is the same as the recently identified 
Elml gene. Elrnl is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr6.1, and the protoonco- 
gene now CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-fJ (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation migration, angiogenesis, and tumor growth (IS, 
19). nov (nephroblastoma overexprcssed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to WnM. Ail arc 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21 ). The N -terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CX.XC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. {A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-l and WISP-2 thai arc not 
present in WISP-3 are indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP -3 are indicated with a dot. (C) Expression of 
WISP inRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTEC1 1) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-l has a glut amine in the third 
position instead of a glycine. CFGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF- BP domain is oncogenic (23). The von Wil- 
Icbrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN .family members described previously, in that it 
contains only six of the LO cysteine residues (Fig. 3*4 and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding lo sulfated glyeoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dime riza lion and receptor binding (26). The CP domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3/1 and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovjrus cultures (data not shown). 

Expression of WISP inKNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP-I expression was seen in the adult heart,- kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISP-3 was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISP-3 
expression were detected in placenta, ovary, prostate, and 
small intestine, 

In Situ Localization of WISP- 1 and WISP-2. Expression of 
WISP- 1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-] was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP- 7 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like W1SP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-If). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 




Fig. 4. (A,C, E, and G) Representative hematoxyn'n/eosin -stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-! expression are shown in I) and 
D, The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B), 
expression of WISP- 1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromnl(s) fibroblasts (C and D), and mm or cells arc negative. 
Focal expression of WISP-1, however, was observed in tumor ceils in 
some areas, images of WISP-2 expiession are shown in E-H. At low- 
power (/: and F), expression of WISP-2 is seen in cells lying within the 
fibiovitscular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and //). 



the predominant ceil type expressing WISP- 1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP- 1 is approximately 
3.48 cR from the metotic marker APM259xc5 [logarithm of 
odds (lod) score 16.31.] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-triyc (28). Preliminary fine 
mapping indicates that WISP- 1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3. L Human WISP-3 mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod - 1,000). WISP-3 is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYH (27, 29). 

Amplification mid Aberrant Expression of WISPs in Human 
Colon Tumors, Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP- 1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the v-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PGR and Southern blot analysis. (Fig. 
5/1 and B). Both methods detected similar degrees of WISP-I 
amplification. Most cell lines showed significant (2- to 4 -fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP- 1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PGR (Fig. 6). The copy number of WISP-I and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP- J in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISP-3 was indistinguishable from one (P — 
0. 166). in addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-I (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fir;. 5. Amplification of WISP- 1 genomic DNA in colon cancer cell 
lines. (.4) Amplification in cell line ON A was determined by quanti- 
tative PGR. (P) Southern blots containing genomic DNA (10 /tg) 
digested with EroR] {WISP- 1) or Xba\ (c-myc) were hybridized with 
a 100-bp human WISP-i probe (amino acids 186-219) or n human 
c-myc probe (located at bp 1901-2000). The: WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR t by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SBM from one experiment done in 
triplicate. The experiment was repeated at least three limes. 

assessed by quantitative PGR (Fig. 7). The level of WISP- 1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of (he human colon 
tumors examined compared with normal adjacent mucosa. 
Four ofl 9 tumors showed greater than 10-fold overexpression, 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP- I , WISP-3 RNA was overex pressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fro. 7. RNA expression in primary human colon tumors 

relative to expression in normal mucosa from l he same patient. 
Expression of WISP niRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means i SKM from one experiment 
done in triplicate. The experiment was repealed at least twice. 



mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and norma! cells. Strategies based on assumptions that 
steady- st ate mRNA. levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). Wc have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wni-1. 

Three of the genes isolated, WISP-l, WISP-2, and WISP-3, 
are members of the GCN family of growth factors, which 
includes CPGF, Cyrfil, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected witli a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., ^catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-1 -transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through ]3-caienm 
transcription factor regulation or alternatively through Wnl-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs.. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present, in CTGF,' Cyr6l, nov, WfSP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-jS, platelet -derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as d inters (32). It is templing to speculate that 
WISP-l and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin avfii serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP- 1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(3*1). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to thai controlling connective 
tissue formation during wound repair. It has been proposed 
that mammary mm or cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-0'1, which is the stimulus for 
stromal proliferation (34). TG.F-J31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest, that WISP- 1 and WISP-2 expression was 
observed in the stromal ceils that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP- 1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP- 1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISPS RNA was seen in the absence of DNA amplification, 
[n contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-2 was localized tochromosome 20ql2-20q33 ) at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20q.l 3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop~l, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor, These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis col t and /3~catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic /5-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs, Although the mechanism by which Wnt-l 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-l in C57MG ceils suggests they could be 
important mediators of Wnt-l transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. 

We thank the DNA synthesis group for oligonucleotide synthesis, T. 
Baker for technical assistance, P. Dowd for radiation hybrid mapping, 
K. WilJert and R. Nusse for the tet-repressible C57MG/WnM cells, V, 
Dixit for discussions, and D. Wood and A. Bruce for artwork. 

.1. Cadigan, K. M & Nusse, R. (1997) Genes Dev. 11, 3286-3305. 

2. Date, T. C. (1998) Biochem. I 329, 209-223. 

3. Nusse, R. & Varmus, H. E. (1982) Cell 31, 99-109. 

4. van Ooyen, A. & Nusse, R. (1984) Cell 39, 233-240, 

5. Tsukamolo. A. Grosschedl, R., Guzman, R. C, ParsJow, T. St 
Varmus, PL E. (1988) Cell 55, 619-625. 

6. Blown, J. D. & Moon, R. T. (1998) Curr. Opin. Cell. Biol. 10, 
182-187. 

7. Molenaar, M. t van de Watering, M., Oosierwegd, M., Peterson- 
Maduro. J., God save, S.> Korinek, V.. Roosc, .1., Destrec, O. & 
Clevers, 1L (1996) Cell 86, 391-399. 



Proc. Natl. Acad. Sci. USA 95 (1998) 

8. Korinck, V., Barker, N., Wilier t, K.. Molenaar, Nl, Roose, J., 
Wagenaar, G., Mark man, M., Lamers, W„ Destrec, O. & Clevers, 
H. (1998) Mol. Cell. Biol. 18, 1248-1256. 

9. Muneniitsu. S., Albert, L, Souza, B., 'Rubinfe-ld. 13. & Polakis, P. 

(1995) Proc. Natl. Acad. Sci. USA 92, 3046-3050. 

10. He, T. C.. Sparks, A. B., Rago, C, Uermeking, H„ Zawel, L,, da 
Cusla, L.T., Morin, P. J.. Vogelsteiu, B. & Kinder, K. W. (1998) 
Science 281, 1509-1512. 

11. Diatchenko, L., Lau, Y. F., Campbell, A. P., Chenchik. A., 
Moqadam, 1\, Huang, B., Lukvanov, S., Lukyanov, K., Gurskaya, 
N., Sverdlov, E, D. & Siebert.P. D. (1996) Proc Natl Acad. Sci. 
USA 93, 6025- 6030. 

12. Brown, A. M, Witdin, R, S., Prendergast, T. J. & Varmus, H. E. 
(1986) Cell 46, 1001-1009. 

13. Wong, G. T., Gavin, B. J. & McMahon, A. P. (1994) Mol Cell 
Biol. 14, 6278-6285. 

14. Shimizu, H., Julius, M. A,, Giarre, M., Zheng, Z., Brown, A. M. 
& Kitajewski, J, (1997) Cell Growth Differ, 8, 1349-1358. 

15. Hashimoto, Y., Shindo-Okada, N„ Tani, M., Nagamachi, Y., 
Takeuchi, K., Shiroishi. T.,Toma. H. & Yokota, J. (1998)/ Exp. 
Med. 187, 289-296. 

16. Zhang, R, f Averboukh, L., Zlnt, W,, Zhang, H., Jo, H., Dempsey, 
P. J., Coffev, R. J„ Pardee, A. B. & Liang, P. (1998) Mol Cell 
Biol 18, 6131-6141. 

17. Grotendorst, G. R. (1997) Cytokine Growth Factor Rev. 8, 171- 
" 179. 

18. Kireeva, M. L., Mo, R E„ Yang, G. P. & Lau, L. F. (1996) Mol 
Cell Biol 16, 1326-1334. 

19. Babic, A. M„ Kireeva, M. L., Kolesnikova, T. V. & Lau, L. F. 
(1998) Proc. Natl Acad. Sci. USA 95, 6355-6360. 

20. Martincrie, C, Huff, V., Joubert, L, Badzioch, M., vSaunders, G„ 
Strong, L. & Perbal, B. (1994) Oncogene .9, 2729-2732. 

21. Bork, P. (1993) FEfiS Lett. 327, 125-130. 

22. Kim, H. S., Nagalla, S. R., Oh, Y., Wilson, H., Roberts, C. T., Jr. 
& Rosenfeld, R. G. (1997) Proc. Natl Acad. Sci. USA 94, 
1298 1 -12986. 

23. Joliot, V., Mar tine rie, C, Dambrine, G. T Plassiart, G., Brisac, M., 
Crochet, J. & Perbal, B. (1992) Mol Cell dial 12, 10-21. 

24. Maneuso, D. J., Tuiey, E. A., Westfield, L. A., Worrall, N. K., 
Shelton-Inloes, B. B., Sorace, J. M. ( Alevy, Y. G. & Sadler, J. E. 
(1989)/ Biol Chem. 2M, 19514-19527. 

25. Holt, G, D., Pangburn, M. K. & Ginsburg, V. (1990) J. Biol 
Chem. 265, 2852-2855. 

26. -Voorberg, J., Fontijn," R,, Calafat, J., Janssen, H., van Mourik, 
J. A. & Pannekoek, PI, (1991)/. Cell Biol. 113, 195-205. 

27. Martinerie, C, Viegas-Pcquignot, E., Guenard, L, Dutrillaux, B. T 
Nguyen, V. C, Bernhcim, A. & Perbal, B. (1992) Oncogene 7, 
2529-2534. 

28. Takahashi. E., Hori, T., O'Connell, P., Lcppert, M. & White, R. 
(1991) Cytogenet. Cell Genet. 57, 109-111. 

29. Mecse, E., Meltzer, P. S., Witkowski, C M. & Trent, J. M. (1989) 
Genes Chromosome.)- Can err 1, 88-94. 

30. Garte, S, J. 0993) Crit. Rev. Onco->>. 4, 435-449. 

31. Zhang, L., Zhou, W., Velculescu, V. E. t Kern, S. E., Hrubarj, 
R. II.- Hamilion, S. R„ Vogelstein, B. & Kinder, K. W, (1997) 
Science 27 % 1268-1272. 

32. .Sun, P. D. & Davics, D. R. (1995) Annu. Rev. Biophys. Biomol. 
Struct. 24, 269-291. 

33. Kireeva, M. L., Lam, S. C. T. & Lau, L F. (1998) / Biol Chem. 
273, 3090-3096. 

34. Frazier, K. S. & Grotendorsi, G. R. (1997) Int. J. Biochem. Cell 
Biol 29, 153-161, 

35. Werneit, N. (1997) Virchom Arch. 430, 433-443. 

36. Tanner, M. M„ Tirkkonen, M., Kallioniemi, A., Collins, C, 
Stokke.T., Karhu. R., Kowbel, D., Shadravan, T-\, Hint?., M., Kuo. 
W. L., et at. (1994) Cancer Res. 54, 4257 -4260. 

37. Brinkmann, U., Gallo, M. t Polymeiopoulos, M. H, A Past an, L 

(1996) Genome Res. 6, 187-194. 

38. Bischoff, L R., Anderson, L., Zhu, Y., Mossie, K. ( Ng, L., Souza, 
B., Schryvcr, B., Flanagan, P., Clairvovant, F., Ginther, C, et al. 
(1998) EM BO J. 17, 3052-3065. 

39. Morin, P. J., Sparks, A. B„ Korinek. V., Barker, N., Clevers, H., 
Vogelstein, B. & Kinzlei, K. W. (1997) Science 275, 1787-1790. 

40. Lu,'L, H. & Gilleit, N. (1994) Cell Vision 1, 169-176, 



Proc. Natl Acad. Sci. USA 
Vol. 83, pp. 4049-4052, June 1986 
Medical Sciences 

Variable expression of the translocated c-abl oncogene in 
Philadelphia-chromosome-pbsitive B -lymphoid cell lines 
from chronic myelogenous leukemia patients 

James B« Konopka**, Steven Clark*, Jami McLaughlin*, Masakuzu NitT a*, Yoshiro KatoT, 
Annabel Strife^, Bayard CLARicsoNt, and Owen N. Witte*& 

•Department of Microbiology and Molecular Biology Institute. University of California, Los An$ctei. 405 HUjard Avenue, Loj Angeles, CA 90024; and me 
Laboratory of Hematopoietic Cell Kinetics and The Laboratory of Cancer Genetics and Cytogenetic*. Memorial Sloan-Ketlering Cancer Center, 1275 York 
Avenue, New York, NY 10Q21 

Communicated by Michael Potter, February 10, 1986 



ABSTRACT The consistent cytogenetic translocation of 
chronic myelogenous leukemia (the Philadelphia chromosome, 
Ph*) has been observed in cells of multiple hematopoietic 
lineages. This translocation creates a chimeric gene composed 
of breakpoint-cluster -region (bcr) sequences from chromosome 
22 fused to a portion of the a*/ oncogene on chromosome 9. The 
resulting gene product (P210 c ** bl ) resembles the transforming 
protein of the Abelson murine leukemia virus in its structure 
and tyrosine kinase activity. P210 e ** w Is expressed in Ph 1 - 
positive cell lines of myeloid lineage and In clinical specimens 
with myeloid predominance. We show here that Epsleln-fiarr 
virus-transformed B -lymphocyte lines that retain Ph 1 can 
express P210 c " w , The level of expression in these B-cell lines is 
generally lower and more variable than that observed for 
myeloid lines. Protein expression is not related to amplification 
of the abl gene but to variation in the level of bcr-abl mRNA 
produced from a single Ph 1 template. 



Chronic myelogenous leukemia (CML) is a disease of the 
pluripotent stem cell (1). In greater than 95% of patients, the 
leukemic cells contain the cytogenetic marker known as the 
Philadelphia chromosome, or Ph 1 (2). This reciprocal 
translocation event between the long arms of chromosomes 
9 and 22 has been used as a disease- specific marker for 
diagnosis and evaluation of therapy. Multiple hematopoietic 
lineages, including myeloid and B -lymphoid, contain Ph 1 in 
early or chronic phase, as well as in the more acute accel- 
erated and blast crisis phases of the disease. 

One molecular consequence of Ph 1 is the translocation of 
the chromosomal arm containing the c-abl gene on chromo- 
some 9 into the middle of the breakpoint-cluster region (bcr) 
gene on chromosome 22 (3-6). Although the precise 
translocation breakpoints are variable, an RN A- splicing 
mechanism generates a very similar 8-kilobase (kb) mRNA in 
each case (5-9). The hybrid bcr-abl message encodes a 
structurally altered form of the abl oncogene product, called 
P210 c_ftbI (10-13), with an amino-terminal segment derived 
from a portion of the exons of bcr on chromosome 22 and a 
carboxyi-terminal segment derived from a major portion of 
the exons of the c-abl gene on chromosome 9. The chimeric 
structure of bcr-abl and the resulting P2W"* bl is similar to the 
structure of the Abelson murine leukemia virus gag-abl 
genome and resulting P160 v "* bI transforming gene product. 
Both proteins have very similar tyrosine kinase activities (10, 
11, 14) which can be distinguished by their relative stability 
to denaturing detergents and by their ATP requirements from 
the recently described tyrosine kinase activity of. the c-abl 
gene product (15). 
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In concert with structural modification of the amino- 
terminal portion of the abl gene, increased level of expression 
has been implicated in activation of c-abl oncogenic poten- 
tial. Myeloid and erythroid cell lines and clinical samples 
derived from acute-phase CML patients contain about 10- 
fold higher levels of the 8-kb bcr-abl mRNA and P210 c " bl than 
the c-abl mRNA forms (6 and 7 kb) and P145 c ** bI gene product 
(5, 8, 9, ll); The higher level of expression of the chimeric 
bcr-abl message in acute-phase cells is not likely to be solely 
due to the presence of the bcr promoter sequences at the 5' 
end of the gene, since the normal 4.5rkb and 6.7 -kb bcr- 
encoded mRNA species are expressed at an even lower level 
than the normal c-abl messages (5, 6). 

We have analyzed a series of Epstein-Barr virus-immor- 
talized B-lymphoid cell lines derived from CML patients (16). 
With such in vitro clonal cell lines, we can evaluate whether 
the presence of Ph 1 always results in synthesis of the chimeric 
bcr-abl message and protein, and whether the quantitative 
expression varies for cells of B-lymphoid lineage as com- 
pared to previously examined myeloid cell lines. Our results 
show that cell lines that retain Ph 1 do express bcr-abl message 
and protein, but that the level is generally lower and more 
variable than previously seen for myeloid cell lines. The 
demonstration that the Ph 1 chromosomal template can vary 
in its level of expression of P210 cabl suggests that secondary 
mechanisms, beyond the translocation itself, contribute to 
the regulation of the bcr-abl gene in different cell types or 
subclones that derive from the affected stem ceil. 

MATERIALS AND METHODS 

Cells and Cell Labelings. Epstein-Barr virus -transformed 
B-lymphoid cell lines were established from peripheral blood 
samples of chronic- and acute-phase CML patients as report* 
ed (16). The cell lines are designated according to patient 
number, karyotype, . and lineage. For example, SK- 
CML7Bt(9,22)-33 refers to CML patient 7, B-lymphoid cell 
line, 9;22 translocation (Ph 1 ), cell line 33; and SK-CML7BN- 
2 refers to B-cell line 2 with a normal karyotype derived from 
the same patient. Repeat karyotype analysis was performed 
to verify the retention of Ph 1 just prior to analysis for abl 
protein and RNA. Cells were maintained in RPMI 1640 
medium with 20% fetal bovine serum. We have not observed 
any consistent pattern of in vitro growth rate that correlates 
to the stage of disease at the time of transformation with 
Epstein-Barr virus. Cells (1.5 x 10 7 ) were washed twice with 
Dulbecco's modified Eagle's medium lacking phosphate and 



Abbreviations; bcr, breakpoint-cluster region; CML, chronic 
myelogenous leukemia; kb t kilobase(s). 

^Present address: Department of Genetics, University of Washing- 
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Table 1, . Relative levets of bcr-abl expression in EpsteinrBarr 
virus-immortalized B-cell lines and myeloid CML lines 

1 ! ~~ 8-kb 



Cell line* 


CML phase 1 


Ph 1 * 


P2105 


mRNA* 


SK-CML7BN-2 


BC 








SK-CML8BN-10 


Chronic 








SK-CML8BN-12 


Chronic 








SK-CML16BN-1 


Chronic 








SK-CML35BN-1 


Chronic 








SK-CML7B5-33 


BC 




+ + + 


■ + + + 


SK-CML21Bt-l 


Acc 


+ 


+ + + 


+++ 


SK-CML21Bt-6 


Acc 




+ + + 


+ + + 


SK-CML8Bt-3 


Chronic 


+ 


+ 


± 


SK-CML16Bt-l 


Chronic 


+ 


+ ' 




SK-CML35Bt-2 


Chronic 


+ 


+ 


+ 


K562 


BC 


+ 


+ + +++ 


+ + + + + 


BV173 


BC 


+ 


+ + + + + 


+++ + + 


EM2 


BC 




+ ++ + 4 


+ + + + + 



♦Cell lines derived from CML patients by transformation with 
Epstein-Barr virus as described (16). Names of cell lines indicate 
patient number and Ph 1 status: SK*CML7Bt indicates a cell line 
derived from patient 7 that carries the 9;22 Ph 1 translocation; N 
indicates a normal karyotype. Myeloid-erythroid cell lines (K562, 
EM2, and BV173) are described in previous publications (9, U, 22, 

^Status of patient at the time cell line was derived. BC, blast crisis; 
Acc, accelerated phase. 

^Presence (+) or absence (-) of Pb 1 as demonstrated by karyotypic 
or Southern blot analysis. 

IpttO^* 61 detected as described in legend to Fig. 1. B-cell lines 
derived from blast-crisis and accelerated-phase patients had levels 
of P210 3- to 5-fold higher (+ ++) than levels of P145. Chronic- 
phase-derived cell lines had P210 levels lower than or just equivalent 
(+) to the level of P14S. Myeloid and erythroid lines had levels of 
P210 5- to 10-fold higher than P145 (+ + + ++), 

^Eight-kilobase bcr-abl mRNA delected as described in legend to 
Fig. 2. Symbols: ±, borderline detectable; +++ ++, level of 8-kb 
mRNA 5- to 10-fold higher than that of the 6- and 7-kb c-cM mRNA 
species; + + + , level of 8-kb mRNA 3- to 5-fold higher than that of 
the 6- and 7-kb species; +, a level approximately equivalent to that 
of the 6- and 7-kb messages, 

data not shown). There was no difference in the copy number 
of a6/-related sequences as judged by Southern blot analysis 
(Fig. 4). Only the K562 cell line control showed an amplifi- 
cation of abl sequences, as previously reported (22, 23). 
These combined data suggest that differential bcr-abl mRNA 
expression from a single gene template is responsible for the 
variable levels of P210 fr * aW detected. This could be mediated 



A 

+ - + 





— P210 



— P145 



Fig. 2. Analysis of steady-state abl protein levels by immuno- 
blottlng, Cell extracts prepared from 2 x 10 7 cells of lines SK- 
CML7BN-2 (A,—). SK-CML7BI-33 (*,+), SK-CML8BN-10 (J?,-), 
and SK-CML8BI-3 (B,+) were concentrated by immunopreclp- 
itation with anti-pEX-2 plus anti-pEX-5. Samples were then electro* 
phoresed in a NaDodSO</8% polyacrylamide gel and transferred to 
nitrocellulose, using protease-facilitated transfer (18). abl proteins 
were detected using a mixture of two monoclonal antibodies directed 
against the pEX-2 and pEX-5 aW-protein fragments produced in 
bacteria(l9) as a probe and a peroxidase-conjugated goat anti-mouse 
second-stage antibody (Bio-Rad) for development. 




Fig. 3. Comparison of abl RNA levels in Ph^positive and 
-negative B-cell lines. The levels of the normal 6- and 7-kb c~abt 
RNAs and the 8-kb bcr-abl RNA were analyzed by blot hybridization 
using a s-abl probe. RNA was extracted from Ph l -negative lines 
SK-CML7BN-2 (A,-) and SK-CML16BN-1 (£,-), from Ph 1 - pos- 
itive lines SK-CML6BI-33 (A,+) and SK-CML16Bt-3 (3,+), and 
from line K562 (C,+) by the NaDodS0 4 /urea/phenol method (20). 
Polyadenylylated RNA was purified by oligo(dT) affinity chroma- 
tography, and 15 fig of each sample was electrophoresed in a 1% 
agarose/formaldehyde gel and then transferred to nitrocellulose. The 
blotted RNAs were hybridized with a nick-rtranslated \-obl fragment 
probe (21) and then autoradiographed for 4 days. 



by factors influencing the transcription rate of the bcr-abl 
gene or the stability of the mRNA. 

DISCUSSION 

Several lines of evidence suggest that formation of Ph 1 is not 
the primary event that affects the stem cell in CML. Patients 
have been identified that present with the clinical picture of 
CML but only later develop Ph 1 (1). This observation, 
coupled with studies of G6PD (glucose-6-phosphate deny- 
drogenase)-heterozygous females with CML that demon- 
strate stem-cell clonality by isozyme analysis among cell 




Fio. 4. Southern blot analysis of abl sequences in Ph'-positive 
and -negative B-cell lines. High molecular weight DNA (IS jig) was 
digested with restriction endonuclease BamHl, separated in a 0.8% 
agarose get, and then transferred to nitrocellulose. The blotted DNA 
fragments were hybridized with a nick-translated, 2.4-kb Bgt II \-abl 
fragment (1.5 x 10* cpm/ftg; ref. 21) and exposed for 4 days, (A) 
Autoradiogram of ci/- specific fragments in cell lines HL-60 (lane 1), 
EM2 (lane 2), K562 (lane 3), SK-CML7Bt-33 (lane 4), SK-CML8Bt-3 
Cane 5), SK-CML16BM (lane 6), SK-CML21BI-6 (lane 7), SK- 
CML35Bt.2 (lane 8), SK-CML7BN-2 (lane 9), SK-CML8BN-2 (lane 
10), and SK-CML35BN-1 (lane 11). (B) Ethidium bromide staining of 
agarose gel prior to transfer to nitrocellulose, showing the level of 
variation in amount of DNA loaded per lane. 
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populations that lack the Ph 1 marker, supports a secondary 
or complementary role for Ph 1 in the progression of the 
disease (24, 25). This chromosome marker is found in 
chronic, accelerated, and blast-crisis phases of the disease. It 
is likely that Ph 1 confers some growth advantage, since cells 
with the marker chromosome eventually predominate the 
marrow and peripheral blood even in chronic phase. During 
the phase of blast crisis, many patients develop additional 
chromosome abnormalities, including duplication of Ph 1 , a 
variety of trisomies, and complex translocations (26). This 
is suggestive evidence for Ph 1 being a necessary but not 
sufficient genetic change for the full evolution of the 
disease. 

The realization that one molecular result of Ph 1 is the 
generation of a chimeric bcr-abl protein with functional 
characteristics and structure analogous to the gag-abl trans- 
forming protein of the Abelson murine leukemia virus 
strengthens the argument for an important rote of Ph 1 in the 
pathogenesis of CML. Although the Abelson virus is gener- 
ally considered a rapidly transforming retrovirus, its effects 
can range from overcoming growth factor requirements, to 
cellular lethality, to induction of highly oncogenic tumors in 
a number of hematopoietic cell lineages (27, 28). Even in the 
transformation of murine cell targets, there are several lines 
of evidence that suggest that the growth-promoting activity of 
the v-abl gene product is complemented by further cellular 
changes in the production of the malignant-cell phenotype 
(29-31). 

The regulation of bcr-abl gene expression is complex 
because the 5 r end of the gene is derived from the non-abl 
sequences, bcr, normally found on chromosome 22 (6). The 
level of stable message for the normal bcr gene and the 
normal abl gene are both much lower than the level of the 
bcr-abl message and protein from cell lines and clinical 
specimens derived from myeloid blast-crisis patients (5, 6, 
11). Therefore, the high level of bcr-abl expression cannot 
simply be attributed to the regulatory sequences associated 
with bcr. Possibly, creation of the chimeric gene disrupts the 
normal regulatory sequences and results in a higher level of 
expression. Variation in bcr-abl expression may result from 
secondary changes in the structure of the chimeric gene or 
function of trans-acting factors that occur during evolution of 
the disease. Our analysis of P210 c ** bI and the 8-kb mRNA in 
Epstein-Barr virus-transformed Ph l -positive B-cell lines 
demonstrates that stable message and protein levels from the 
bcr-abl gene can vary over a wide range. This variation does 
not result from a change in the number of bcr-abl templates 
secondary to gene amplification but more likely from changes 
in either transcription rate or mRNA stability. We suspect 
this range of bcr-abl expression is not limited to lymphoid 
cells. Analysis of peripheral blood leukocytes derived from 
an unusual CML patient who has been in chronic phase with 
myeloid predominance for 16 years showed a level of 
P210 c -* bl one-fifth that of P145 cab \ as detected by metabolic 
labeling with ( 32 P]orthophosphate and immunoprecipitation 
(S.C., O.N.W., and P. Greenberg, unpublished observa- 
tions). Lower levels of expression of the chimeric mRNA 
have been demonstrated in clinical samples from chronic- 
phase CML patients compared to acute-phase CML patients 
(9). Others have reported chronic-phase patients with vari- 
able but, in some cases, relatively high levels of the bcr-abl 
mRNA (32). The sampling variation and the heterogenous 
mixture of cell types in clinical samples complicate such 
analyses. Further work is needed to evaluate whether there 
is a defined change in P210 e>abJ expression during the pro- 
gression of CML. It is interesting to note that among the 
limited sample of Ph ^positive B-cell lines we have examined 
(Table 1), we have seen higher levels of P210 c ** bl in those 
derived from patic v. * at more advanced stages of the disease. 
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It will be important to search for cell-type-specific mecha- 
nisms that might regulate expression of bcr-abl from Ph 1 . 
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Review 

Paul a, Haynes Proteome analysis: Biological assay or data archive? 

Steven P. Gygi 

Daniel Blgeys j n reY j ew we examine the current state of proteome analysis. There are 

Ruedi Aebersold three main issues discussed: why it is necessary to study proteomes; how pro- 

teomes can be analyzed with current technology; and how proteome analysis 
Department of Molecular Cfm be usecJ t0 ermance biological research. We conclude that proteome anal- 

Biotechnology, University of ysjs j s an essen ti a j t 00 | j n the understanding of regulated biological systems. 

Washington, Seattle, WA, USA Current technology, while still, mostly limited to the more abundant proteins, 

enables the use of proteome analysis both to establish databases of proteins 
present, and to perform biological assays involving measurement of multiple 
variables. We believe that the utility of proteome analysis in future biological 
research will continue to be enhanced by further improvements in anajytical 

technology. | 
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Contents resolution two-dimensional gel electrophoresis (2-DE), 

detected in the gel and identified by their amino acid 

1 introduction lMi seqLience ^ eas . e sensitivity and speed with which gel- 

2 Rationale for proteome analysis ... . 1862 raled tein , can be identified by lhe use of recently 

2.1 Correlation between mRNA and protein developed mass spectrometry techniques have dramati- 
expression levels . ... I80J caU incrcased the j nter est in proteome technology. One 

2.2 Proteins are dynamically modified and pro- of lhc most attractivc features of sucn analyses is that com . 
cessea , . j ex biological systems can potentially be studied in their 

2.3 Proteomes are dynamic and reflect the entirely, rather than as a multitude of individual compo- 
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1 Introduction 

A proteome has been defined as the protein complement, 
expressed by the genome of an organism, or, in multicel- 
lular organisms, as the protein complement expressed by a 
tissue or differentiated cell [1J. In the most common im- 
plementation of proteome analysis the proteins extracted 
from the cell or tissue analyzed are separated by high 

Correspondence; Professor Rucdi Aebersold, Department, of Molecular 
Biotechnology,' University of Washington, Box 357730, Seattle, WA, 
98195, USA (Tel: +206-685-4235; Fax: +206-685-6392; E-mail: ruedi 
©u.washington. edu) 

Abbreviations: CII), collision-induced dissociation; MS/MS, tandem 
mass, spectrometry; SAGE, serial analysis of gene expression 

Keywords: Proteome / Two-dimensional polyacrylamide gel electro- 
phoresis / Tandom mass spectrometry 



2 Rationale for proteome analysis 

Hie dramatic growth in both the number of genome 
projects and the speed with which genome sequences 
are being determined has generated huge amounts of 
sequence information, for some species even complete 
genomic sequences ([15—17]). The description of the 
state of a biological system by the quantitative measure- 
ment of system components has long been a primary 
objective in molecular biology. With recent technical 
advances including the development of differential dis- 
play- PCR [18], cDNA microarray and DNA chip techno- 
logy [19, 20] and serial analysis of gene expression 
(SAGE) [21, 22], it is now feasible to establish global and 
quantitative mRNA expression maps of cells and tissues, 
in which the sequence of all the genes is known, at a 
speed and sensitivity which is not matched by current 
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protein analysis technology. Given the long-standing 
paradigm in biology that DNA synthesizes UNA which 
synthesizes protein, and the ability to rapidly establish 
global, quantitative mRNA expression maps, the ques- 
tions which arise are why technically complex proteome 
projects should be undertaken and what specific types of 
information could be expected from proteome projects 
which cannot be obtained from genomic and transcript 
. profiling projects. We see three main reasons for pro- 
teome analysis to become an essential component in the 
comprehensive analysis of biological systems, (i) Protein 
expression levels arc not predictable from the mRNA 
expression levels, (ii) proteins arc dynamically modified 
and processed in ways which are not necessarily 
apparent from the gene sequence, and (iii) proteomes 
are dynamic and reflect the state of a biological system. 

2.1 Correlation between mRNA and protein expression 
levels 

Interpretations of quantitative mRNA expression profiles 
frequently implicitly or explicitly assume that for specific 
genes the transcript levels are indicative of the levels of 
protein expression. As part of an ongoing study in our 
laboratory, we have determined the correlation of expres- 
sion at the mRNA and protein levels for a population of 
selected genes in the yeast Saccharomyces cerevisiae 
growing at mid-log phase (S. P. Gygi et submitted for 
publication). mRNA expression levels were calculated 
from published SAGE frequency tables (22]. Protein 
expression levels were quantified by metabolic radiola- 
beting of the yeast proteins, liquid scintillation counting 
of the protein spots separated by high resolution 2-DE 
and mass spectrometry identification of the protein(s) 
migrating to each spot. The selected 80 samples consti- 
tute a relatively homogeneous group with respect to pre- 
dicted half-life and expression level of the protein pro- 
ducts. Thus far, we have found a general trend but no 
strong correlation between protein and transcript levels 
(Fig. i). For some genes studied equivalent mRNA trans- 
cript levels translated into protein abundances which 
varied by more than 50-fold. Similarly, equivalent steady- 
state protein expression levels were maintained by trans- 
cript levels varying by as much as 40-fold (S. P. Gygi 
et al, t submitted). These results suggests that even for a 
population of genes predicted to be relatively homoge- 
neous with respect to protein half-life and gene expres- 
sion, the protein levels cannot be accurately predicted 
from the level of the corresponding mRNA transcript. 

2.2 Proteins are dynamically modified and processed 

In the mature, biologically active form many proteins are 
post-translationally modified by glycosylation, phosphor- 
. ylation, prenylation, acylation, ubiquitination or one or 
more of many other modifications [23] and many pro- 
teins are only functional if specifically associated or corn- 
plexed with other molecules, including DNA, RNA, pro- 
teins and organic and inorganic cofactors. Frequently, 
modifications are dynamic and reversible and may alter 
the precise three-dimensional structure and the state of 
activity of a protein. Collectively, the state of modifica- 
tion of the proteins which constitute a biological system 
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Figurr. I. Correlation between mRNA and protein levels in yeast cells. 
Tor a selected population of 80 genes, protein levels were measured 
by 3i -S-tadiolabeling tmd mRNA levels were calculated from publi- 
shed SAGE tables. Inset: expanded view of the low abundance region. 
Por more experimental details, also see Figs. 5 and 6, (S. P, Gygi et a/., 
submitted). 



arc important indicators for the state of the system. The 
type of protein modification and the sites modified at a 
specific cellular state can usually not be determined 
from the gene sequence alone. 

13 froteomes are dynamic and reflect tbe state of a 
biological system 

A single genome can give rise to many qualitatively and 
quantitatively different proteomes. Specific stages of the 
cell cycle and states of differentiation, responses to 
growth and nutrient conditions, temperature and stress, 
and pathological conditions represent cellular states 
which are characterized by significantly 'different pro- 
teomes. The proteome, in principle, also reflects events 
that are under tTansIational and post-translational con- 
trol, It is therefore expected that proteomics will be able 
to provide the most precise and detailed molecular des- . 
cription of the state of a cell or tissue, provided that the 
external conditions' defining the state are carefully deter- 
mined. In answer to the question of whether the study 
of proteomes is necessary for the analysis of biomolec- 
ular systems, it is evident that the analysis of mature pro- 
tein products in cells is essential as there are numerous 
levels of control of protein synthesis; degradation, 
processing and modification, which are only apparent by 
direct protein analysis. 



3 Description and assessment of current proteome 
analysis technology 

3.1 Technical requirements of proteome technology 

In biological systems the level of expression as, well as 
the states of modification, processing and macro-molec- 
ular association of proteins are controlled und modu- 
lated depending on the state of the system. Comprehen- 
sive analysis of the identity, quantity and state of modifi- 
cation of proteins therefore requires the detection and 
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quantitation of the proteins which constitute the system, 
and analysis of differentially processed forms. There are 
a number of inherent difficulties in protein analysis 
which complicate these tasks. First, proteins cannot be 
amplified. It is possible to produce large amounts of a 
particular protein by over-expression in specific cell sys- 
tems. However, since many proteins are dynamically 
post-translationally modified, they cannot be easily am- 
plified in the form in which they finally function in the 
biological system. It is frequently difficult to purify from 
the native source sufficient amounts of a protein for 
analysis. From a technological point of view this trans- 
lates into the need for high sensitivity analytical tech- 
niques. Second, many proteins are modified and pro- 
cessed post-translationally. Therefore, in addition to the 
protein identity, the structural basis for differentially 
modified isoforms also needs to be determined. Hie dis- 
tribution of a constant amount of protein over several 
differentially modified isoforms further reduces the 
amount of each species available for analysis. The com- 
plexity and dynamics of post-translational protein edit- 
ing thus significantly complicates proteome studies. 
Third, proteins vary dramatically with respect to their 
solubility in commonly used solvents. There are few, if 
any, solvent conditions in which alt proteins are soluble 
and which are also compatible with protein analysis. This 
makes the development of protein purification methods 
particularly difficult since both protein purification and 
solubility have to be achieved under the same condi- 
tions. Detergents, in particular sodium dodecyl sulfate 
(SDS), are frequently added to aqueous solvents to 
maintain protein solubility. The compatibility with SDS 
is a big advantage of SDS polyacrylamide gel electro- 
phoresis (SDS-PAGE) over other protein separation 
techniques. Thus, SDS-PAGE and two-dimensional gel 
electrophoresis, which also uses SDS and other deter- 
gents, are the most general and preferred methods for 
the purification of small amounts of proteins, provided 
that activity does not necessarily need to be maintained. 
Lastly, the number of proteins in a given cell system is 
typically in the thousands. Any attempt to identify and 
categorize all of these must use methods which are as 
rapid as possible to allow completion of the project 
within a reasonable time frame, Therefore, a successful, 
general proteomics technology requires high sensitivity, 
high throughput, the ability to differentiate differentially 
modified proteins, and the ability to quantitatively dis- 
play and analyze all the proteins present in a sample. 

3.2 2-D electrophoresis — mass spectrometry: a common 
implementation of proteome analysis 

The most common currently used implementation of 
•proteome analysis technology is based on the separation 
of proteins by two-dimensional (IEF/SDS-PAGE) gel 
electrophoresis and their subsequent identification and 
analysis by mass spectrometry (MS) or tandem mass 
spectrometry (MS/MS). In 2-DE, proteins are first separ- 
ated by isoelectric focusing (IBF) and then by SDS- 
PAGE, in the second, perpendicular dimension. Separ- 
ated proteins are visualized at high sensitivity by staining 
or autoradiography, producing two-dimensional arrays of 
proteins! 2-DE gels are, at present, the most commonly 
used means of global display of proteins in complex 
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samples. The separation of thousands of proteins has 
been achieved in a single gel [24, 25] and differentially 
modified proteins arc frequently separated. Due to the 
compatibility of. 2-DE with high concentrations of deter- 
gents, protein denaturants and other additives promoting 
protein solubility, the technique is widely used. 

The second step of this type of proteome analysis is the 
identification and analysis of separated proteins. Individ- 
ual proteins from polyacrylamide gels have traditionally 
been identified using A'-terminal sequencing [20, 27], 
internal peptide sequencing [28, 29), immunoblotting or 
comigration with known proteins (30). The recent dra- 
matic growth of large-scale genomic and expressed 
sequence tag (EST) sequence databases has resulted irw,a 
fundamental change in the way proteins are identified fy 
their amino acid sequence. Rather than by the traditional 
methods described above, protein sequences are now fre- 
quently determined by correlating mass spectral or 
tandem mass spectral data of peptides derived from pro- 
teins, with the information contained in sequence data- 
bases [31-33]. 

There are a number of alternative approaches to pro- 
teome analysis currently under development. There is 
considerable interest in developing a proteome analysis 
stragegy which bypasses 2-DE altogether, because it is 
considered a relatively slow and tedious process, and 
because of perceived difficulties in extracting proteins 
from the gel matrix for analysis. However, 2-DE as a. 
starting point for proteome analysis has many advan- 
tages compared to other techniques available today. The 
most significant strengths of the 2-DE- MS approach 
include the relatively uniform behavior of proteins in 
gels, the ability to quantify spots and the high resolution 
and simultaneous display of hundreds to thousands of 
proteins within a reasonable time frame. 

A schematic diagram of a typical procedure of the identi- 
fication of gel-separated proteins is shown in Fig. 2. Pro- 
tein spots detected in the gel are enzymaticaliy or chemi- 
cally fragmented and the peptide fragments are isolated 
for analysis, as already indicated, most frequently by MS 
or MS /MS. 'Hi ere are numerous protocols for the gener- 
ation of peptide fragments from gel-separated proteins. 
They can be grouped into two categories, digestion in 
the gel slice [28, 34] or digestion after electrotransfer out 
of the gel onto a suitable membrane ([29, 35—37]* and 
reviewed in [38]). In most instances either technique is 
applicable and yields good results. The analysis of MS or 
MS /MS data is an important step in the whole process 
because MS instruments can generate an enormous 
amount of information which cannot easily be managed 
manually. Recently, a number of groups have developed 
software systems dedicated to the use of peptide MS 
and MS /MS spectra for the identification of proteins. 
Proteins are identified by correlating the information 
contained in the MS spectra of protein digests or 
MS /MS spectra of individual peptides with data con- 
tained in DNA or protein sequence databases. 

The systems we are currently using in our laboratory are 
based on the separation of the peptides contained in pro- 
tein digests by narrow bore or capillary liquid chromatog- 
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Figure 2. Schematic diagram of a procedure for identification of Rel- 
separated proteins. Peptides can either be separated by a technique 
such as LC or CE, or infused as a mixture and sorted in the MS. Data- 
base searching can either be performed on peptide masses from an 
MS spectrum, peptide fragment rnasses-from CID spectra of peptides, 
or a combination of both. 



raphy [39, 40] or capillary electrophoresis [41], the anal- 
ysis of the separated peptides by electrospray ioniza- 
tion (ESI) MS/MS, and the correlation of the generated 
peptide spectra with sequence databases using the 
SEQUEST program developed at the University of Wash- 
ington [32, 33). The system automatically performs the 
following operations: a particular peptide ion character- 
ized by its mass-to-charge ratio is selected in the MS out 
of all the peptide ions present in the system at a parti- 
cular time; the selected peptide ion is collided in a colli- 
sion cell with argon (collision-induced dissociation, 
CID) and the masses of the resulting fragment ions are 
determined in the second sector of the tandem MS; this 
experimentally determined CID spectrum is then corre- 
lated with the CID spectra predicted from all the pep- 
tides in a sequence database which have essentially the 
same mass as the peptide selected for CID; this correla- 
tion matches the isolated peptide with a sequence seg- 
ment in a database and thus identifies the protein from 
which the peptide was derived. There arc a number of 
alternative programs which use peptide CID spectra for 
protein identification, but we use the SEQUEST system 
because it is currently the most highly automated pro- 
gram and has proven to be successful, versatile and 
robust. 

3,3 Protein identification by LC-MS/MS, capillary 
LC-MS/MS and CE-MS/MS 

It has been demonstrated repeatedly that MS has a very 
high intrinsic sensitivity. For the routine analysis of gel- 
separated proteins al high sensitivity, the most signif- 
icant challenge is the handling of small amounts of 
sample. The crux of the problem is the extraction and 
transferal of peptide mixtures generated by the digestion 
of low nanogram amounts of protein, from gels into the 
MS/MS system without significant toss of sample or 
introduction of unwanted contaminants. We employ 
three different systems for introducing gel -purified sam- 
ples into an MS, depending on the level of sensitivity 



required. As an approximate guideline, for samples con- 
taining tens of picomolcs of peptides, LC-MS/MS is 
most appropriate; for samples containing low picomole 
amounts to high femtomole amounts we use capillary 
LC-MS/MS; and for samples containing fem to moles or 
less, Civ MS/ MS is the method of choice. 

3.3J LC-MS/MS 

The coupling of an MS to an HPLC system using a 
0.5 mm diameter or bigger reverse phase (RP) column 
has been described in detail [42]. This system has several 
advantages if a large number of samples are to be ana- 
lyzed and all are available in sufficient quantity. The 
LC-MS and database searching program can be run in a • 
fully automated mode using an autosampler, thus maxi- 
mizing sample throughput and minimizing the need for 
operator interference. The relatively large column is 
tolerant of high levels of impurities from either gel prep- 
aration or sample matrix. Lastly, if configured with a 
flow-splitter and micro-sprayer [40], analyses can be per- 
formed on a small fraction of the sample (less than 5%) 
while the remainder of the sample is recovered in very 
pure solvents. Tins latter feature is particularly useful 
when an orthogonal technique is also used to analyze 
peptide fractions, such as scintillation of an introduced 
radiolabel, and this data can be correlated with peptides 
identified by CID spectra. 



3.3.2 Capillary LC-MS 

An increase of sensitivity of approximately tenfold can be 
achieved by using a capillary LC system with a 100 um ID 
column rather than a 0.5 mm ID column as referred to 
above. Since very low flow rates are required for such 
columns, most reports have used a precolunm (low split- 
ting system for producing solvent gradients. We have 
recently desribed the design and construction of a novel 
gradient mixing system which enables the formation 
of reproducible gradients at very low flow rates (low 
nL/min) without the need for flow splitting (A. Ducret 
et ai, submitted for publication). Using this capillary 
LC-MS/MS system we were able to identify gel-separat- 
ed proteins if low picomole to high femtomole amounts 
were loaded onto the ge! [40]. This system is as yet not 
automated and, like all capillary LC systems, is prone to 
blockage of the columns by microparticulates when ana- 
lyzing gel-separated proteins. 

3.3.3 CE-MS/MS 

The highest level of sensitivity for analyzing gel-sep- 
arated proteins can be achieved by using capillary elec- 
trophoresis - mass spectrometry (CE-MS). We have de- 
scribed in the past a solid-phase extraction capillary elec- 
trophoresis (SPE-CE) system which was used with triple 
quadrupole and ion trap ESI-MS/MS systems for the 
identification of proteins at the low femtomole to sub- 
femtomole sensitivity level [43, 44]. While this system is 
highly sensitive, its operation is labor-intensive and its 
operation has not been automated. In order to devise an 
analytical system with both the sensitivity of a CE and 
the level of automation of LC, we have constructed 
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microfabricated devices for the introduction of samples 
into RSI-MS lor high-sensitivity peptide analysis. 

The basic device is a piece of glass into which channels 
of 10-30 urn in depth and 50-70 um in diameter are 
etched by using photolithography/etching techniques 
similar to the ones used in the semiconductor industry. 
(A simple device is shown in Fig. 3). The channels arc 
connected to an external high voltage power supply [45]. 
Samples are manipulated on the device and off the 
device to the MS by applying different potentials to the 
reservoirs. This creates a solvent flow by etectroosmotic 
pumping which can be redirected by changing the posi- 
tion of the electrode. Therefore, without the need for 
valves or gates and without any external pumping, the 
flow can be redirected by simply switching the position 
of the electrodes on the device: The direction and rate of 
the flow can be modulated by the size and the polarity 
of the electric field applied and also by the charge state 
of the surface. 

The type of data generated by the system is illustrated in 
Fig. 4, which shows the mass spectrum of a peptide sample 
representing the tryptic digest of carbonic anhydrase at 
290 fmol/uL. Each numbered peak indicates a peptide sue- 
cessfully identified as being derived from carbonic an- 



Figure .1 Schematic illustration of a 
microfabricated analytical system for CE, 
consisting or a micromachined device, 
coated capillary clectroosmotic pump, 
and microelcctrospruy interface. The 
dimensions of the channels and reservoir 
are as indicated in the text. The channels 
on the device were graphically enhanced 
to make (hem more visible. Reproduced 
from (45), with permission. 



hydrase. Some of the unassigned signals may be chemical 
or peptide contaminants. 'Hie MS is programmed to auto- 
matically select each peak and subject the peptide to CID. 
The resulting CID spectra are then used to identify the 
protein by correlation with sequence databases. Therefore, 
this system allows us to concurrently apply a number of 
protein digests onto the device, to sequentially mobilize 
the samples, to automatically generate CID spectra of 
selected peptide ions and to search sequence databases 
for protein identification. These steps are performed auto- 
matically without the need for user input and proteins can 
be identified at very low ferntomole level sensitivity at a 
rate of approximately one protein per 15 min. 

3.4 Assessment of 2-DE-MS proteomc technology 

Using a combination of the analytical techniques de- 
scribed above we have identified the 80 protein spots 
indicated in Fig. 5. The protein pattern was generated by 
separating a total of 40 microgram of protein contained 
in a total cell lysate of the yeast strain YPH499 by high 
resolution 2-DB and silver staining of the separated pro- 
teins. To estimate how far this type of proteome analysis 
can penetrate towards the identification of low abun- 
dance proteins, we have calculated the codon bias of the 
genes encoding the respective proteins. Codon bias is a 
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Figure 4. MS spectrum of a tryplic digest 
of carbonic anhydrase using the microfa- 
bricated system shown in Fig. 3. 290 
fmol/uL of carbonic anhydrase tryptic 
digest was infused into a Finnigan LCQ 
ion trap MS. Each peak was selected for 
CID, and those which were identified as 
containing peptides derived from car- 
bonic anhydrase are numbered. Repro- 
duced from (451, with permission. 
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Figure 5. 2-DE separation of a lysale of yeast cells, with identified proteins highlighted. The first dimension of separation was an IPO from 
pH 3—10, and the second dimension was a I0%T SDS-PAGB get. Proteins were visuali7.ee] by silver staining. Further details of experimental 
procedures arc included In S. P. Gygi et at (submitted). 



calculated measure of the degree of redundancy of trip- 
let DNA codons used to produce each amino acid in a 
particular gene sequence. It has been shown to be a 
useful indicator of the level of the protein product of a 
particular gene sequence present in a cell [46]. The gen- 
eral rule which applies is that the higher the value of the 
codon bias calculated for a gene, the more abundant the 
protein product of that gene becomes. The calculated 
codon bias values corresponding to the proteins identi- 
fied in Fig. 5 are shown in Fig. 6b. Nearly all of the pro- 
teins identified (> 95%) have codon bias values of > 0.2, 
indicating they are highly abundant in cells. In contrast, 
codon bias values calculated for the entire yeast genome 
(Fig. 6a) show that the majority of proteins present in 
the proteome have a codon bias of < 0.2 and are thus of 
low abundance. 

"This finding is of considerable importance in our assess- 
ment of the current status of proteome analysis technol- 
ogy. It is clear that even using highly sensitive analytical 
techniques, we are only able to visualize and identify the 



more abundant proteins. Since many important regula- 
tory proteins are present only at low abundance, these 
would not be amenable to analysis using such tech- 
niques. This situation would be exacerbated in the anal- 
ysis of proteomes containing many more proteins than 
the approximately 6000 gene products' present in yeast 
cells [16]. In the analysis of, for example, the proteome 
of any human cells, there- are potentially 50 000—100000 
gene products [47]. Inherent limitations on the amount 
of protein that can be loaded on 2-DE, and the number 
of components that can be resolved, indicate that only 
the most highly abundant fraction of the many gene 
products could be successfully analyzed. One approach 
that has been employed to circumvent these limitations 
is the use of very narrow range immobilized pH gradient 
strips for the first-dimension separation of 2-DE [48]. 
Since only those proteins which focus within the narrow 
range will enter the second dimension of separation, a 
much higher sample loading within the desired range is 
possible. This, in turn, can lead to the visualization and 
identification of less abundant proteins. 



1868 



P. A. Hayncs 'et at. 



Electrophoresis 1998, 19, 1862-1871 



(A) 



3000 



~ 2000 
o 

I 

| 1000 

2; 



**i 1 *i 




(B) 



■a 



Codon Bias 

figure 6. Calculated codon bias values for yeast proteins. (A) Distribu- 
tion of calculated values for the entire yeast proteome, (B) Distribu- 
tion of calculated values for the subset of 80 identified proteins also 
shown in Figs. 1 and 5. Further details ofexpcrimental procedures are 
included in S. P. Oygi c( al. (submitted). • 



4 Utility of proteome analysis for biological 
research 

For the success of proteomics as a. mainstream approach 
to the analysis of biological systems it is essential to 
define how proteome analysis and biological research 
projects intersect. Without a clear plan for the implemen- 
tation of proteome-type approaches into biological re- 
search projects the full impact of the technology can not 
be realized. The literature indicates that proteome anal- 
ysis is used both as a database/data archive, and as a bio- 
logical assay or biological research tool. 

4.1 The proteome as a database. 

The use of proteomics as a database or data archive 
essentially entails an attempt to identify all the proteins 
in a cell or species and to annotate each protein with the 
known biological information that is relevant for each 
protein. The level of annotation can, of course, be exten- 
sive: The most common implementation of this idea is 
the separation of proteins .by high resolution 2-DE, the 
identification of each detected protein spot and the 
annotation of the protein spots in a 2-DE gel database 
format. This approach is complicated by the fact that it is 
difficult to precisely define a proteome and to decide 
which proteome should be represented in the database. 
In contrast to the genome of a species, which is essen- 
tially static, the proteome is highly dynamic. Processes 
such as differentiation, cell activation and disease can all 
significantly change the proteome of a species, This is 
illustrated in Fig. 7. 'Ihe figure shows two high-resolu- 



tion 2-DE maps of proteins isolated from rat scrum. 
Fig. 7 A is from the serum of normal rats, while Fig. 713 
is from the serum of rats in acute-phase serum after 
prior treatment .with an inflammation-causing agent [49]. 
It is obvious that the protein patterns are significantly 
different in several areas, raising the question of exactly 
which proteome is being described. 

Therefore, a comprehensive proteome database of a spe- 
cies or coll type needs to contain all of the parameters 
which describe the state and the type of the cells from 
which the proteins were extracted as well as the software 
tools to search the database with queries which reflect 
the dynamics of biological systems, A comprehensive 
proteome database should be capable of quantitatively, 
describing the fate of each protein if specific systeir$ 
and pathways are activated in the cell. Specifically, the 
quantity, the degree of modification, the subcellular loca- 
tion and the .nature- of molecules specifically interacting 
with a protein as well as the rate of change of these 
variables should be described. Using these admittedly 
stringent criteria, there is currently no comlete proteome 
database. A number of such databases are, however, in 
the process of being constructed. The most advanced 
among them, in our opinion, are the yeast protein data- 
base YPD [50) (accessible at http://www.ypd.com) and 
the human 2D-PAGE databases of the Danish Centre 
for Human Genome Research [12] (accessible at http:// 
biobase.dk/cgl-bin/celis). While neither can be con- 
sidered complete as not all of the potential gene pro- 
ducts are identified, both contain extensive annotation 
of supplemental information for many of the spots 
which arc positively identified in reference samples. 

4.2 The proteome as a biological assay 

The use. of proteome analysis as a biological assay or 
research tool represents an alternative approach to* inte- 
grating biology with proteomics. To investigate the state 
of a system, samples are subjected to a specific proceess 
that allows the quantitative or qualitative measurement 
of some of the variables which describe the system. In 
typical biochemical assays one variable (e.g., enzyme 
activity) of a single component (e.g., a particular en- 
zyme) is measured. Using proteomics as an assay; mul- 
tiple variables (e.g., expression level, rate of synthesis, 
phosphorylation state, etc.) are measured concurrently 
on many (ideally all) of the proteins in a sample. The 
use of proteomics as an assay is a less far-reaching prop- 
osition than the construction of a comprehensive pro- 
teome database. It does, however, represent a pragmatic 
approach which can be adapted to investigate specific 
systems and pathways, as long as the interpretation of 
the results takes into account that with current technol- 
ogy not all of the variables which describe the system 
can be observed (see Section 3.4), 

A common implementation of proteome analysis as a 
biological assay is when a 2-DE protein pattern gener- 
ated from the analysis of an experimental sample is 
compared to an array of reference patterns representing 
different states of the system under investigation. The 
state of the experimental system at the time the sample 
was generated is therefore determined by the quantita- 
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tive comparative analysis of hundreds to a few thousand 
proteins. Comparative analysis of the 2-DE patterns fur- 
thermore highlights quantitative and qualitative differ- 
ences in the protein profiles which correlate with the 
state of the system. For . this type of analysis it is hot 
essentia! that all the proteins are identified or even visu- 



alized, although the results become more informative as 
more proteins are compared. It is obvious, however, that 
the possibility to identify any protein deemed character- 
istic for a particular state dramatically enhances this 
approach by opening up new avenues for experimenta- 
tion. 
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Figure 7. High resolution 2-DE map of proteins isolated from rat serum wilh or without prior exposure toan inflam- 
mation-causing agent. (A) normal rat serum, (B) acute-phase serum from rats which had previously been exposed to 
on inflammation-causing agent. The first dimension of separation is an IPG from pH 4-10, and the second dimen- 
sion is a 7. 5-17,5%T gradient SDS-PAGE gel. Proteins were visualized by staining with amido black. Further details 
of experimental .procedures are included in f!4, 491 
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Proteorne analysis as a biological assay has been success- 
fully used in the field of toxicology, to characterize 
disease states or to study differential activation of cells. 
The approach is limited, of course, by the fact that only 
the visible protein spots are included in the assay, and it 
is well known that a substantial but far from complete 
fraction of cellular proteins are detected if a total cell 
lysate is separated by 2-DE. Proteins may not be 
detected in 2-DE gels because they are not abundant 
enough to be visualized by the detection method used, 
because they do not migrate within the boundaries (size, 
p/) resolved by the gel, because they are not soluble 
under the conditions used, or for other reasons. 

A different way to use proteorne analysis as a biological 
assay to define the state of a biological system is to lake 
advantage of the wealth of information contained in 
2-DE protein patterns. 2-DE is referred to as two-dimen- 
sional because of the electrophoretic mobility and the 
isoelectric points which define the position of each pro- 
tein in a 2-DE pattern. In addition to the two dimen- 
sions used to generate the protein patterns, a number of 
additional data dimensions are contained in the protein 
patterns. Some of these dimensions such as protein 
expression level, phosphorylation state, subcellular loca- 
tion, association with other proteins, rate of synthesis or 
degradation indicate the activity state of a protein or a 
biological system. Comparative analysis of 2-DE protein 
patterns representing different states is therefore ideally 
suited for the detection, identification and analysis of 
suitable markers. Once again it must be emphasized that 
in this type of experiment only a fraction of the cellular 
proteins is analyzed. Since many regulatory proteins are 
of low abundance, this limitation is a concern, particu- 
larly in cases in which regulatory pathways are being 
investigated. 

5 Concluding remarks 

In this report we have addressed three main issues 
related to proteorne analysis. First, we have discussed 
the rationale for studying proteomes. Second, we have 
assessed the technical feasibility of analyzing proteomes 
and described current proteorne technology, and third, 
we have analyzed the utility of proteorne analysis for bio- 
logical research. It is apparent that proteorne analysis is 
an essential tool in the analysis of biological systems. 
The multi-level control of protein synthesis and degrada- 
tion in cells means that only the direct analysis of 
mature protein products can reveal their correct identi- 
ties, their relevant state of modification and/or associa- 
tion and their amounts. Recently developed methods 
have enabled the identification of proteins at ever- 
increasing sensitivity levels and at a high level of auto- 
mation of the analjiical processes. A number of tech- 
nical challenges, however, remain. While it is currently 
possible to identify essentially any protein spots that can 
be visualized by common staining methods, it is ap- 
parent that without prior enrichment only a relatively 
small and highly selected population of long-lived, 
highly expressed proteins is observed. There are many 
more proteins in a given cell which are not visualized by 
such methods. Frequently it is the low abundance pro- 
teins that execute key regulatory functions. 
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We have outlined the two principal ways proteorne anal- 
ysis is currently being used to intersect with biological 
research projects: the proteorne as a database or data 
archive and proteorne analysis as a biological assay. Both 
approaches have in common that at present they are con- 
ceptually and technically limited. Current proteorne data- 
bases typically are limited to one cell type and one state 
of a cell and therefore do not account for the dynamics 
of biological systems. 'Hie use of proteorne analysis as a 
biological assay can provide a wealth of information, but 
it is limited to the proteins detected and is therefore not 
truly proteome-wide. These limitations in proteomics are 
to a large extent a reflection of the fact that proteins in 
their fully processed form cannot easily be amplified and 
are therefore difficult to isolate in amounts sufficientjbr 
analysis or experimentation. The fact that to datefno 
complete proteorne has been described further attests to 
these difficulties. With continued rapid progress in pro- 
tein analysis technology, however, wc anticipate that the 
goal of complete proteorne analysis will eventually 
become attainable. 
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High-throughput technologies, such as proteomic screening and DMA micro-arrays, produce vast 
amounts of data requiring comprehensive analytical methods to decipher the biologically relevant 
results. One approach would be to manually search the biomedical literature; however, this would be 
an arduous task. We developed an automated literature-mining tool, termed MedGene, which 
comprehensively summarizes and estimates the relative strengths of all human gene-disease 
relationships in Medline. Using MedGene, we analyzed a novel micro-array expression dataset 
comparing breast cancer and normal breast tissue in the context of existing knowledge. We found no 
correlation between the strength of the literature association and the magnitude of the difference in 
expression level when considering changes as high as 5-fold; however, a significant correlation was 
observed (r = 0.41; p = 0.05) among genes showing an expression difference of 10-fold or more. 
Interestingly, this only held true for estrogen receptor (ER) positive" tumors, not ER negative. MedGene 
identified a set of relatively understudied, yet highly expressed genes in ER negative tumors worthy of 
further examination. 

Keywords: bioinformatics • micro-array • text mining • gene-disease association • breast cancer 



Introduction 

At its current pace, the accumulation of biomedical literature 
outpaces the ability of most researchers and clinicians to stay 
abreast of their own immediate fields, let alone cover a broader 
range of topics. For example, to follow a single disease, e.g., 
breast cancer, a researcher would have had to scan 130 different 
journals and read 27 papers per day in 1999,* This problem is 
accentuated with high-throughput technologies such as DNA 
micro-arrays and proteomics, which require the analysis of 
large datasets involving thousands of genes, many of which are 
unfamiliar to a particular researcher. In any microarray experi- 
ment, thousands of genes may demonstrate statistically sig- 
nificant expression changes, but only a fraction of these may 
be relevant to the study. The ability to interpret these datasets 
would be enhanced if they could be compared to a compre- 
hensive summary of what is known about all genes. Thus, there 
is a need to summarize existing knowledge in a format that 
allows for the rapid analysis of associations between genes and 
diseases or other specific biological concepts. 

One solution to this problem Is to compile structured digital 
resources, such as the Breast Cancer Gene Database 1 and the 
Tumor Gene Database. 2 However, as these resources are hand- 
curated. the labor-intensive review process becomes a rate- 
limiting step in the growth of the database. As a result, these 
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databases have a limited scale and the genes are not selected 
in a systematic fashion. 

An alternative approach is automated text mining: a method 
which involves automated information extraction by searching 
documents for text strings and analyzing their frequency and 
context. This approach has been used successfully in several 
instances for biological applications. In most cases, it has been 
applied to extract information about the relationships or 
interactions that proteins or genes have with one another, in 
the literature or by functional annotation. 3 ' 7 Thus far, few 
publication have applied text-mining to examine the global 
relationships between genes and diseases. Perez-lratxeta et al 
automatically examined the GO (Gene Ontology) annotation 
of genes and their predicted chromosomal locations in order 
to identify genes linked to inherited disorders. 8 

To obtain a more global understanding of disease develop- 
ment, it would be valuable to incorporate information regarding 
all possible gene-disease relationships, including biochemical, 
physiological, pharmacological, epidemiological, as well as 
genetic. This information would enable comprehensive com- 
parisons between large experimental datasets and existing 
knowledge in the literature. This would accomplish two things. 
First, it would serve to validate experiments by demonstrating 
that known responses occur as predicted. Second, it would 
rapidly highlight which genes are corroborated by the literature 
and which genes are novel in a given context. We have utilized 
a computational approach to literature mining to produce a 
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comprehensive set of gene-disease relationships. In addition, 
we have developed a novel approach to assess the strength of 
each association based on the frequency of citation and co- 
citation. We applied this tool to help interpret the data from a 
large micro- array gene expression experiment comparing 
normal and cancerous breast tissue. 

Methods 

MedGene Database. MedGene is a relational database, stor- 
ing disease and gene information from NCBI, text mining re- 
sults, statistical scores, and hyperlinks to the primary lit- 
erature. MedGene has a web-based user interface for users to 
query the database (http://hipseq.med.harvard.edu/MedGene/). 

Text Mining Algorithms. MeSH files were downloaded from 
the MeSH web site at NLM (Nation Library of Medicine) (http:// 
www.nlm.nih.gov/mesh/meshhome.html) and human disease 
categories were selected. LocusLink files were downloaded from 
the LocusLink web site at NCBI (http://www.ncbi.nih.gov/ 
LocusLink/). Official/preferred gene symbol, official/preferred 
gene name, and gene alternative symbols and names, all 
relevant annotations and URLs for each LocusLink record, were 
collected. Gene search terms were used for literature searching 
and included all qualified gene names, gene symbols, and gene 
family terms. Primary gene keys, predominantly qualified gene 
family terms and gene official/preferred symbols, were used 
to index Medline records. If the official/preferred gene symbols 
did not meet the standards to be an index, then qualified gene 
official/preferred names were used. A local copy of Medline 
records (up to July, 2002) was pre-selected. 

A JAVA module examined the MeSH terms and then indexed 
each Medline record with the appropriate disease terms. A 
separate JAVA module was used to examine the titles and 
abstracts for gene search terms and then to index the gene- 
related Medline records with the relevant primary gene key(s). 

Statistical Methods. For every gene and disease pair, we 
counted records that were indexed for both gene and disease 
(double positive hits), for disease only (disease single hits), for 
gene only (gene single hits), and for neither gene nor disease 
(double negative hits) to generate a 2 x 2 contingency table. 
On the basis of the contingency table- framework, we applied 
different statistical methods to estimate the strength of gene- 
disease relationships and evaluated the results. These methods 
included chi-square analysis, Fisher's exact probabilities, rela- 
tive risk of gene, and relative risk of disease 16 (http:// 
hipseq.med.harvard.edu/MedGene/). In addition, we computed 
the "product of frequency", which is the product of the 
proportion of disease/gene double hits to disease single hits 
and the proportion of disease/gene double hits to gene single 
hits. To obtain a normal distribution, we transformed all the 
statistical scores using the natural logarithm. We selected the 
log of the product of frequency (LPF) to validate MedGene and 
to use for the analysis with the micro-array data. Spearman 
rank-correlation coefficients were used to assess the linear 
relationship between LPF and micro-array fold change in 
expression level. 

Global Analysis. Diseases with at least 50 related genes were 
selected for clustering analysis, and the LPF scores were 
normalized with total score for each disease. Hierarchical 
clustering was done with the "Cluster" software and the 
clustering result was visualized using "Tree Viewer" (http:// 
rana.lbl.gov/EisenSoftware.htm). 
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Breast Tissue Micro-Arrays. Eighty-nine breast cancer 
samples (79% ER-positive) and 7 normal breast tissue samples 
were selected from the Harvard Breast SPORE frozen tissue 
repository and were representative of the spectrum of histo- 
logical types, grades, and hormone receptor immuno-pheno- 
types of breast cancer. Biotinylated cRNA, generated from the 
total RNA extracted from the bulk tumor, was hybridized to 
Affymetrix U95A oligonucleotide micro-arrays. These micro- 
arrays consist of 12 400 probes, which represent approximately 
9000 genes. Raw expression values were obtained using GENE- 
CHIP software from Affymetrix. and then further analyzed using 
the DNA-Chtp Analyzer (dChip) custom software. 

Results 

Automated Indexing of Medline Records by Disease and 
Gene. To study the gene-disease associations in the literature, 
we first compiled complete lists for human diseases and human 
genes. To index all Medline records that were relevant to 
human diseases, the Medical Subject Heading (MeSH) index 
of Medline records was utilized. MeSH is a controlled medical 
vocabulary from the National Library of Medicine and consists 
of a set of terms or subject headings that are arranged in both 
an alphabetic and an hierarchical structure. Medline records 
are reviewed manually and MeSH terms are added to each with 
software assistance. 910 Twenty-three human disease category 
headings along with all of their child terms (see the Supporting 
Information, Supplemental Table 1, or visit http://hipseq. 
med.harvard.edu/MedGene/publication/s_Table 1 .html) were 
selected from the 2002 MeSH index creating a list of 4033 
human diseases. 

No index comparable to the MeSH index exists for genes, 
and thus, it was necessary to apply a string search algorithm 
for gene names or symbols found in Medline text. A complete 
list of genes, gene names, gene symbols, and frequently used 
synonyms were collected from the LocusLink database at 
NCBI, 1112 which contains 53 259 Independent records keyed 
by an official gene symbol or name (June 18 th , 2002), For the 
purposes of this study, no distinction was made between genes 
and their gene products. Authors often use the same name for 
both, differentiating the two only by the use of italics, if at all. 
For the intended use of this study, this lack of distinction is 
unlikely to have a large effect and may in fact be beneficial. 

Initial attempts to search the literature using these lists 
revealed several sources of false positives and false negatives 
(Table 1). False positives primarily arose when the searched 
term had other meanings, whereas false negatives arose from 
syntax discrepancies necessitating the development of filters 
to reduce these errors. The syntax issues were readily handled 
by including alternate syntax forms in the search terms. The 
false positive cases, caused by duplicative and unrelated 
meanings for the terms, were more difficult to manage. Where 
possible, case sensitive string mapping reduced inappropriate 
citations. In many cases, however, this was not sufficient and 
the terms had to be eliminated entirely, thereby reducing the 
false positive rate but unavoidably under-representing some 
genes. 

For the purposes of data tracking, a primary gene key was 
selected to represent all synonyms that correspond to each 
gene. Medline records were indexed with a primary gene key 
when any synonym for that key was found in the title or 
abstract. Case- insensitive string mapping was used for all 
searches except as noted above. No additional weight was 
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Table 1. Systematic Sources of False Positives and False Negatives in Unfiltered Data" 
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source of error 



error type 



example 



filter solution 



gene symbol/ name 
is not unique 



gene symbol Js 

unrelated abbreviation 
gene symbol/ name 

has language meaning 
nonstandard syntax 
unofficial gene name/symbol 
nonspecifled gene name 



false positive MAG— myelin 

associated glycoprotein 
MAG— malignancy-associated 
protein 

false positive PA— pallid homologue (mouse), 

pallidin (also abbrev. for Pennsylvania) 

false positive WAS-Wiskott-Aldrich Syndrome 

(also the word "was") 

false negative BAG-i instead of BAGI 

false negative P53 instead of TP53 

false negative estrogen receptor instead of 
Estrogen receptor 1 



eliminate this term 

eliminate this term 

case-sensitive string search 

add dash term 

add all gene nicknames 

add family stem term 



• In preliminary studies, Medline was searched for co-occurrence of genes and diseases and the resulting output was evaluated to identify error sources that 
were amenable to global fitters. Each error source is categorized by the type of error it causes: false positives are suggested relationships that are not real and 
false negatives are real relationships that are underrepresented The filter solutions used are indicated. Note that in some cases, the filter solution itself introduces 
error. In general, error rates maximized sensitivity, even at the expense of specificity if needed. 



added for multiple occurrences of a term or the co-occurrence 
of multiple synonyms for the same gene key. 

Medline records were searched with all qualified gene 
identifiers, such as the official/preferred gene symbol, the 
official/preferred gene name, all gene nicknames and all syntax 
variants. In situations where there are several members of a 
gene family or splice variants, some authors prefer to use a 
shortened gene family name. e.g.. estrogen receptor instead of 
estrogen receptor 1 (ESR1), creating a source of false negatives. 
For this reason, gene family stem terms were created for all 
genes that have an alpha or numerical suffix (e.g.. IL2RA, TGFfi, 
ESRJ, etc.) and then used to search the literature. The family 
stem terms were handled separately from the specific gene 
names so that it would be clear when linkages were made to 
the gene family versus a specific member in that family. 

To improve performance and accuracy, some pre-selection 
was applied to the records that were scanned. First, review 
articles were eliminated to avoid redundant treatment of 
citations. Second, non-English journals were removed because 
the natural language filters were only relevant to English 
publications. Finally, journals unlikely to contain primary data 
about gene-disease relationships were also removed (e.g., Int. 
J. Health Educ, Bedside Nurse, and /. Health Econ). Together, 
these filters reduced the 12 198 221 Medline publications (July 
2002) by 37%. 

Ranking the Relative Strengths of Gene-Disease Associa- 
tions. In total, there were 618 708 gene-disease co -citations, 
in which 16% (8297) of all studied genes had been associated 
to a disease and 96% (3875) of all diseases had been associated 
to at least one gene. To rank the relative strengths of gene 
disease relationships, we tested several different statistical 
methods and examined the results. With the exception of the 
relative risk estimates, the methods provided similar results 
with respect to the rank order of the gene-disease association 
strengths. However, after comparing the results to other 
databases and after consulting disease experts, the log of the 
product of frequency (LPF) was selected for further analysis 
because it gave the best results overall. 

Validation of Med Gene. In developing this tool, it was 
important to minimize the number of missed genes (false 
negatives) and miscalled genes (false positives). However, in 
situations when these goals were in conflict, inclusiveness was 
prioritized. To determine the false negative rate in MedGene, 
breast cancer was used as a test case because it was associated 
with more genes than any other human disease and because 




Figure 1. Estimation of the false negative rate by comparison 
with hand-curated databases. The breast cancer-related genes 
identified by MedGene were compared with those listed in 
several other databases including the Tumor Gene Database 
(TGD). 2 the Breast Cancer Gene Database(BCG). 1 GeneCards 
(GC) 17 and Swissprot. 18 Genes were considered false negatives 
if they were represented in at least one of these other databases 
and not in MedGene and their link to breast cancer was sup- 
ported by at least one literature reference. All literature references 
were verified by manual review to confirm their validity. The 
number of genes in each database or shared by more than one 
database is indicated. The false negative rate was calculated by 
genes missed at MedGene (26)/total number of nonover lapping 
genes in other databases (285). 

there were several public databases that link genes to breast 
cancer. We compared the list of breast cancer-related genes 
from MedGene to these databases, illustrated in Figure 1. 
Among the 285 distinct breast cancer-related genes that were 
supported by at least one literature citation in these hand- 
curated databases, 26 were absent from MedGene. suggesting 
a false negative rate of approximately 9%. To determine why 
these were missed, ail literature references for these genes (80 
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papers) were reviewed manually (see the Supporting Informa- 
tion, Supplemental Table 2, or visit http://hipseq.med. 
harvard.edu/MedGene/publication/s_Table 2.html). Among 
these papers, most false negatives were caused by nonstandard 
gene terms or gene terms eliminated by our specificity filters. 
Few genes were missed because they were only mentioned in 
review papers (0.4%) or they appeared only in the body of the 
manuscript but not the abstract or title (1.1%). Of note, 
MedGene identified approximately 2000 additional breast 
cancer-related genes not listed in any other database. 

To assess the false positive error rate, two complementary 
approaches were used: a detailed analysis of one disease and 
a global examination of 1000 diseases. The detailed approach 
examined the false positive error rate and its sources, whereas 
the global approach tested whether the overall results made 
biomedical sense. 

Using the LPF, 1467 genes related to prostate cancer were 
assembled in rank order. We then retrieved approximately 300 
Medline records each for the highest ranked 100 and the lowest 
ranked 200 genes and manually reviewed the tides and 
abstracts to determine the verity of the association. Nearly 80% 
of the highest ranked 100 genes fell into one of the five 
categories that reflect meaningful gene-disease relationships 
(see the Supporting Information, Supplemental Table 3, or visit 
http://hipseq.med.harvard.edu/MedGene/publtcation/ 
sJTable 3.html). Among the lowest ranked 200 genes, ap- 
proximately 70% reflected true relationships. Of the 600 records 
reviewed, there were only two in which the association between 
the gene and the disease was described as negative. Both were 
genes with very low scores. In both cases, the authors did not 
argue the absence of any relationship, but rather that a 
particular feature of the gene or protein was not shown to be 
related to human prostate cancer. 1314 

The coincidence of some gene symbols with medical ab- 
breviations, chemical abbreviations and biological abbrevia- 
tions resulted in most of the false positives (see the Supporting 
Information, Supplemental Table 4, or visit http://hipse- 
q.med.harvard.edu/MedGene/publication/s_Table 4. html), em- 
phasizing the importance of the filters that were added in the 
search algorithm (Table 1). Without the filters, the false positive 
rate more than doubled, and the false negative rate rose 
dramatically (data not shown). For example, among the papers 
about breast cancer, there were only 12 Medline records that 
referred to ESRI and 10 to ESR2. whereas almost 2000 papers 
mentioned estrogen receptor without specifying ESRI or ESR2-, 
this latter group was detected by the family stem term filter. 

To further validate these results, a global analysis of the gene- 
disease relationships described by MedGene was performed. 
For this experiment, it was reasoned that the more closely 
related the diseases are to one another, the more they will be 
related to the same gene sets. Thus, if the relationships defined 
by MedGene accurately reflected the literature, then an unsu- 
pervised hierarchical clustering of the gene data should group 
diseases in a manner consistent with common medical think- 
ing. Conversely, if the clustered diseases do not make sense 
biologically or medically, it may reflect excessive false positives, 
false negatives, or inappropriate scoring of the data. 

To execute this experiment, the gene sets and the corre- 
sponding LPF values for 1000 randomly selected diseases (each 
with at least 50 gene relationships) were used as a dataset for 
clustering the diseases. A review of the results showed that the 
resulting disease clusters were indeed logical based upon 
common medical knowledge (see the Supporting Information, 
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Supplemental Figure 1, or visit http://hipseq.med.harvard.edu/ 
MedGene/publication/s_Figure l.html). For example, in one 
such cluster shown in Figure 2, diabetes and its complications 
grouped together and were also closely linked to diseases 
associated with starvation states. 

The number of genes associated with a given disease can 
be estimated by adjusting the MedGene number up by the false 
negative rate (~9%) and down by the false positive rate (-^26% 
on average). Using this, the average disease has 103.7 ± 45.3 
(mean ± s.d.) genes associated with it, although the range is 
quite broad with 2359 genes related to breast cancer. 2122 
genes related to lung cancer and no genes related to a number 
of diseases. 

Applying MedGene to the Analysis of Large Datasets. Access 
to a comprehensive summary of the genes linked to human 
diseases provided an opportunity to analyze data obtained from 
a high-throughput experiment. We compared the MedGene 
breast cancer gene list to a gene expression data set generated 
from a micro- array analysis comparing breast cancer and 
normal breast tissue samples. Micro-array analysis identified 
2286 genes that had greater than a 1-fold difference in mean 
expression level between breast cancer samples and normal 
breast samples. Using MedGene, we sorted the 2286 genes into 
four classes: 555 genes directly linked to breast cancer in the 
literature by gene term search (first-degree association by gene 
name); 328 genes directly linked by family term search (first- 
degree association by family term); 1021 genes linked to breast 
cancer only through other breast cancer genes (second-degree 
association); and 505 genes not previously associated with 
breast cancer. (See the Supporting Information, Supplemental 
Figure 2, or visit http://hipseq.med.harvard.edu/MedGene/ 
publication/s_Figure 2.html.) Among the 505 previously un- 
related genes, 467 were either newly identified genes or genes 
that had not previously been associated with any disease. 
Among the remaining 38 genes, 9 had been related to other 
cancers, specifically esophageal, colon, uterine, skin, and cervix. 

To determine whether the genes highlighted by the micro- 
array analysis were more likely to have been previously linked 
to breast cancer in the literature, we created a two-dimensional 
plot of the fold change of expression level between breast 
cancer and normal tissue versus the literature score (LPF) 
(Figure 3A). There was a broad spread of expression changes 
among the genes directly linked to breast cancer ranging from 
less than 1-fold change (68%) to over 40-fold (0.3%). Notably, 
the majority of genes with greater than 10-fold expression 
changes were linked to breast cancer by first-degree associa- 
tion. 

Among all 754 genes directly linked to breast cancer in the 
literature, there was no correlation between LPF and micro- 
array fold change (r= 0.018, p-value = 0.62). However, when 
we stratified the analysis based on the magnitude of the fold 
change, we observed an increasing trend in correlation (Figure 
3B) suggesting that genes with a more substantial change in 
expression level were more likely to have a stronger association 
in the literature. For genes that had 1 0-fold change or more in 
expression level, the correlation increased to 0.41 (p- value = 
0.05). 

When we evaluated the micro-array data separately for ER 
positive and ER negative tumors, the trend in correlation 
between fold change and literature score was highly dependent 
on estrogen receptor status. Interestingly, there was a similar 
trend in correlation for ER positive tumors, but no trend in 
correlation for ER negative tumors. 
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Figure 2. Global validation by clustering analysis. 2(A). The gene sets and the corresponding LPF values for 1000 diseases, each with 
at least 50 gene relationships, were used in an unsupervised clustering of the diseases based on the gene patterns associated with 
them. A sample of the data is shown here. 2(B). One of the resulting clusters is shown that corresponds to blood sugar states. Diabetes 
terms (above the line) and starvation states terms (under the line) clustered together. Within these groups, there is also clustering of 
diabetic smalt vessel complications, altered serum chemistries, nutritional disorders, etc.(Supplementai Figure 1: http://hipseq.med. 
harvard-edu/MedGene/publication/s.Figure 1 .html). 

Finally, to validate our findings, we computed similar cor- disease unrelated to breast cancer. As expected, we did not 
relations between the breast cancer expression data and observe an increasing trend in correlation for hyperten- 
LPF scores generated by MedGene for hypertension, a sion. 
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Figure 3. Relationship between literature score and functional data for breast cancer. 3A. The data from an expression analysis of 
samples for breast tumors and normal breast tissue were analyzed to indicate the fold difference of expression level between breast 
tumor and normal sample (cutoff > 3-fold change). The fold changes were plotted against the literature score for the same gene set. 
Green dots represent first-degree association by gene search, blue dots represent first-degree association by family search and red 
dots represent no-association. Some well-studied genes, such as BRCA2 (pink circle), are not reflected by a substantial difference in 
expression level. Furthermore, the majority of genes that have no association with breast cancer in the literature had less than 10-fold 
expression changes (shaded area). 3B. The Spearman rank-correlation coefficients between literature score (LPF) and the fold change 
of expression level between tumor and normal breast samples (y-axis) in relation to the amount of fold change of expression level 
(x-axis). Gene rank lists were generated for breast cancer (blue) and hypertension (pink). Correlations were also computed between 
the breast cancer gene LPF scores and fold change expression data among estrogen receptor positive tumors only (light blue) and 
estrogen receptor negative tumors only (purple). 
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breast neoplasms 



hypertension 


rheumatoid arthritis 


bipolar disorder 


a therosc lexos Is 


REN 


RA t 


ERDA1 


apolipoprotein 


DRP 


TNFRSF1QA 


" SNAP29 


APOE 


1 CP 


L*Kr 


PFKL 


LDLR 


ACT 


AS 


DRD2 


ELN 


INS 


ESR1 


TRH 


ARCl 


kallikrpin 


HLA-DRB1 


IMPA2 


APOB 


ACE 


DR1 


HTR3A 


AP0A1 


endothetin 


interleukln 


DRD3 


MSRi 


S1Q0A6 


TNF 


REM 


LPL 


BDK 


IL6 


KCNN3 


PONl 








plasminogen 


DIANPH 


collagen 


DRD4 


activator inhibitor 


SARI 


ILIA 


HTR2C 


PLC 








vascular ceil 


riri 


ACR 


RELN 


adhesion molecule 


CD59 


TNFRSF12 


DBH 


AT0H1 


At ft 


112 


MAO A 


VWF 


I ill DC 


CM1V I 


COMT 


INS 


MAT2B 


118 


HTR2A 


ARG2 


angiotensin 






ABCAl 


receptor 


interleukin 1 


SYNJ1 




matrix 






ACTR2 


metalloproteinase 


INPPi 


OLR1 


NPPA 


interferon 


NEDD4L 


collagen 


LVM 


CD68 


FRA13C 


MCP 






transducer of 




DBH 


IL4 


ERBB2 


lipoprotein 


NPY 


IL17 


BAIAP3 


APOA2 








intercellular 


POMC 


MMP3 


ATPiB3 


adhesion molecule 


neuropeptide 


SIL 


DRD5 


RAB27A 



estrogen receptor 
PGR 
ERBB2 
BRCAl 
BRCA2 
EGFR 
CYP19 
TFF1 
PSEN2 
TP53 

CES3 
CEACAM5 

ERBB3 
cyclin 
COX5A 
cathepsin 
ERBB4 

TRAM 

CCND1 
EGF 
MUCi 

insulin -like 
BCL2 

mucin 
FGF3 

* MedCene results for the top 25 genes associated with breast neoplasms, hypertension, rheumatoid arthritis, bipolar disorder, and atherosclerosis, respectively, 
ranked by LPF scores. The hyperlink to all the papers co-citlng the gene and the disease Is available at MedGene website (http://hipseq.med.harvard.edu/ 
MedGene/). 



Discussion 

The Human Genome Project heralded a new era in biological 
research where the emphasis on understanding specific path- 
ways has expanded to global studies of genomic organization 
and biological systems. High-throughput technologies can 
provide novel insight into comprehensive biological function 
but also introduces new challenges. The utility of these 
technologies is limited to the ability to generate, analyze, and 
interpret large gene lists. MedGene, a relational database 
derived by mining the information In Medline, was created to 
address this need. MedGene users can query for a rank-ordered 
list of human gene-disease relationships {Table 2) for one or 
more diseases. Each entry is hypertinked to the original papers 
supporting each association and to other relevant databases. 

MedGene is an innovative extension of previous text mining 
approaches. Perez-lratxeta et al used the GO annotation and 
their chromosomal locations to predict genes that may con- 
tribute to inherited disorders. 8 MedGene takes a broader view 
and includes all diseases and all possible gene-disease relation- 
ships. Furthermore, MedGene utilizes co-citation to indicate a 
relationship rather than GO annotation, which is limited to the 
subset of genes that have GO annotation. Our approach is 
complementary to that taken by Chaussabel and Sher, who 
used the frequency of co-cited terms to cluster genes into a 
hierarchy of gene-gene relationships, 6 

A unique aspect of this tool is the ability to assess the relative 
strengths of gene-disease relationships based on the frequency 
of both co-citation and single citation. This presupposes that 
most co-citations describe a positive association, often referred 
to as publication bias 15 and is supported by our observations 



that negative associations are rare (Supplemental Table 3: 
http://hipseq.med, harvard.edu/MedGene/publication/s_Ta- 
ble 3.html). Of course, relationships established by frequency 
of co-citation do not necessarily represent a true biological link; 
however, it is strong evidence to support a true relationship. 

Another important feature of MedGene is the implementa-' 
don of software filters that substantially reduced the error rate. 
We estimate that less than 10% of all associations were missed 
and at least 70% of even the weakest associations were real. 
For this study, all of the filters that we applied were general 
ones, e.g., expanding the list of all gene names to address the 
different syntax forms used by different journals, eliminating 
gene names that correspond to common English words, etc. 
The majority of the remaining search term ambiguities were 
idiosyncratic and difficult to identify systematically without 
causing a significant rise in false negatives. Alternative ap- 
proaches, such as the examination of the nearest neighbor 
terms, need to be considered to further reduce the false positive 
rate. 

It is not uncommon to see expression changes in micro- 
array experiments as small as 2-fold reported in the literature. 
Even when these expression changes are statistically significant, 
it is not always clear if they are biologically meaningful. When 
comparing expression levels of disease to normal tissue, one 
expects an enrichment of known disease-related genes to 
appear in the altered expression group. MedGene provided a 
unique opportunity to test this notion in the context of existing 
knowledge on a novel breast cancer micro-array dataset. For 
genes displaying a 5-fold change or less in tumors compared 
to normal, there was no evidence of a correlation between 
altered gene expression and a known role in the disease. This 
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Table 3. Genes with Large Expression Changes in ER- but 
Not in ER+ Breast Tumors 



gene symbol 


fold change (ER+) 


fold change (ER- 


KRTHB1 


1.0 


610.8 


BRS3 


1.2 


89.4 


DKK1 


1.2 


CO 0 

oSi.o 


ZICi 


1.9 


59.6 


TLR1 


1.0 


•JO c 

oo.o 


KIAA0680 


2.6 


ii i 
oo.c 


CDKN3 


1.0 


in c 
•JU.o 


EBI2 


4.0 




GZMB 


3.8 


21.9 


STK18 


4.7 


18.6 


CPR49 


1.0 


14.6 


MYO10 


1.6 


14.4 


LAD I 


-1.0 


13.5 


POLE2 


4,2 


13.0 


HMG4 


4.4 


12.9 


BCL2L11 


-1.2 


12.3 


LRP8 


2.9 


12.2 


CCNB2 


1.0 


11.8 


CCNE2 


4.0 


11.6 


FOB 


-4.3 


11.1 


KNSL6 


2.9 


10.9 


H1F5 


3.0 


10.2 


SERPINH2 


4.6 


10.2 


YAP1 


1.0 


10.0 


LPHB 


-1.3 


-10.4 


TCEA2 


-1.1 


-10.8 


TFF1 


13 


-11.4 


COL17A1 


-4.1 


-15.7 


POPS 


1.1 


-16.2 


BPACI 


-4.6 


-22.3 


PDZK1 


-1.1 


-36.8 


VECFC 


-2.8 


-51.5 


MUC6 


-1.4 


-64.9 


SERPINA5 


-1.0 


-83.1 


MEIS1 


-1.6 


-85.9 


CA12 


2.4 


-150.3 



Table 3. MedGene Identified a set of relatively understudied, yet highly 
expressed genes in ER negative, but not ER positive breast tumors. All of 
these genes have either never been co -cited with breast cancer or have a 
weak association except those marked with an *. 



reflects the many genes whose role in breast cancer may not 
involve large changes In expression In sporadic tumors (e.g.. 
BRCA1 and BRCA2) and genes whose modest changes in 
expression may be unrelated to the disease. Strikingly, among 
genes with a 1 0-fold change or more in expression level, there 
was a strong and significant correlation between expression 
level and a published role in the disease, providing the first 
global validation of the micro-array approach to identifying 
disease-specific genes. 

The results derived from MedGene have two implications. 
First, a careful hunt for corroborating evidence of a role in 
breast cancer should precede any further study of genes with 
less than 5 -fold expression level changes. Second, any genes 
with 10-fold changes or more are likely to be related to breast 
cancer and warrant attention. It is likely that this threshold will 
change depending on the disease as well as the experiment. 

Interestingly, the observed correlation was only found among 
ER-positive tumors, not ER -negative. This may reflect a bias 
in the literature to study the more prevalent type of tumor in 
the population. Furthermore, this emphasizes that caution 
must be taken when interpreting experiments that may contain 
subpopulations that behave very differently. The MedGene 
approach identified a set of relatively understudied, yet highly 
expressed genes in ER-negative tumors that are worthy of 
further examination (Table 3). 
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In conclusion, we have developed an automated method of 
summarizing and organizing the vast biomedical literature. To 
our knowledge, the resulting database is the most comprehen- 
sive and accurate of its kind. By generating a score that reflects 
the strength of the association, it provides an important tool 
for the rapid and flexible analysis of large datasets from various 
high-throughput screening experiments. Furthermore, it can 
be used for selecting subsets of genes for functional studies, 
for building disease-specific arrays, for looking at genes com- 
mon to multiple diseases and various other high-throughput 
applications. In the future, it will be possible to enhance the 
utility of the MedGene database by building links between 
genes and other MeSH terms as well as other biological 
processes and concepts, such as cell division and responses to 
small molecules. 
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sive catalog was prepared of the gene 
expression changes that occur during 
morphologic maturation. To do this, 3'- 
end differential display, oligonucleotide 
chip array hybridization, and 2-dimen- 
sional protein electrophoresis were used. 
A large number of genes whose mRNA 
levels are modulated during differentia- 
tion of MPRO cells were identified. The 
results suggest the involvement of sev- 
eral transcription regulatory factors not 



previously implicated in this process, but 
they also emphasize the importance of 
events other than the production of new 
transcription factors. Furthermore, gene 
expression patterns were compared at 
the level of mRNA and protein, and the 
correlation between 2 parameters was 
studied. (Blood. 2001 ;98:513-524) 
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Although the mature neutrophil is one of 
the better characterized mammalian cell 
types, the mechanisms of myeloid differ- 
entiation are incompletely understood at 
the molecular level. A mouse promyelo- 
cytic cell line (MPRO), derived from mu- 
rine bone marrow cells and arrested devel- 
opmentally by a dominant-negative 
retinoic acid receptor, morphologically 
differentiates to mature neutrophils in the 
presence of 10 pM retinoic acid. An exten- 

Introduction - 

Studies of noimal myeloid maturation from many laboratories have 
identified genes that may play critical roles in myeloid differentia- 
tion. M Current studies suggest that these events are dependent on a 
cascade of molecular changes that involve complex modulation of 
mRNA transcription. Furthermore, studies of acute leukemia have 
suggested that the disease arises from the accumulation of myeloid 
precursors arrested at early stages of differentiation and associated, 
in many cases, with chromosomal rearrangements that alter the 
structure of specific transcription factors. 5 Nevertheless, the molecu- 
lar events underlying the production of mature myeloid cells are 
not well understood and appear to use interacting pathways and 
networks, the elucidation of which requires an extensive descrip- 
tion of the molecular components available to the myeloid cell. 

An extensive body of information is accumulating with respect 
to gene expression profiles of mammalian cells. However, much of 
the information available in public databases has been accumulated 
by the use of techniques such as single oligonucleotide chips or 
cDNA arrays that measure fewer than 6000 of potentially 30 000 to 
120 000 transcripts. The more limited range of analyses reported by 
the serial analysis of gene expression (SAGE) 6 - 7 technique accu- 
rately estimates changes in levels of the more abundant mRNAs but 
requires extensive redundant analyses to measure changes in the 
patterns of expression of scarce mRNAs. We have used a modified 
polymerase chain reaction (PCR)-based cDNA differential display 
(DD) method in which single restriction fragments derived from 
the 3' end of cDNAs are separated on a sequencing gel. 8 - 9 Bands 
from the gel can be identified initially by sequencing, but then 



comparison of patterns from different samples can be made without 
further sequencing. This sensitive and reproducible method detects, 
in principle, most cDNAs regardless of whether they are repre- 
sented in existing databases. 

Systematic analysis of the function of genes can also be 
performed at the protein level. This approach has the advantage of 
being closest to function, because proteins perform most of the 
reactions necessary for the cell. The most common method of 
proteome analysis is the combination of 2-dimensional gel electro- 
phoresis (2DE) to separate and visualize protein and mass spectrom- 
etry (MS) for protein identification. 10 Several such analyses of 
yeast and of normal or malignant mammalian cells have been 
performed. To date, however, there have been few studies in which 
both mRNA and protein have been compared by applying analyses 
to the same samples. The studies of Anderson' 1 and Gygi 12 showed 
that there is not a good correlation between mRNA and protein 
levels, in yeast or human liver cells. However, other analyses 
disagree with this conclusion (Greenbaum et al, manuscript 
submitted, and Futcher et al 14 ). Furthermore, global correlations 
between changes in mRNA and protein levels have not been 
examined during the execution of any developmental program. 

The MPRO cell line was derived by transduction of a dominant- 
negative retinoic acid receptor construct into normal mouse bone 
marrow cells. It is a granulocyte-macrophage colony-stimulating 
factor (GM-CSF)-dependent line arrested at a promyelocyte stage 
of development. 15 - 16 After treatment with ali-trans retinoic acid 
(ATRA) most of the cells acquire the morphology of mature 
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neutrophils and begin to produce neutrophil lactoferrin and gelati- 
nase, 2 proteins characteristic of neutrophil secondary granules. 17 
As such, it offers a valuable model for studying neutrophil 
differentiation in vitro, 

We now report the analysis of mRNA expression changes 
during the process of MPRO cell maturation to neutrophils and 
compare the results with a limited analysis of cellular protein 
composition. mRNA expression changes were studied by combin- 
ing the use of oligonucleotide arrays and DD. A database (dbMC) 
with comprehensive genomic information for myeloid differentia- 
tion program was constructed (accessible at http://www.bioinfo.mbb. 
yale.edu/expression/neutrophil). We have grouped the changes in 
mRNA levels of a large number of genes into 6 patterns, with 
implications for the genetic program of myeloid differentiation. 

We also compared 2-dimensional high-resolution gel electro- 
phoretograms from control cells and cells differentiated for 72 
hours in the presence of ATRA. Fifty protein spots whose relative 
intensity changed prominently during differentiation were exam- 
ined by mass spectrometry. The results suggest a poor correlation 
between mRNA expression and protein abundance, indicating 
that it may be difficult to extrapolate directly from individual 
mRNA changes to corresponding ones in protein levels (as 
"estimated from IDE,). ~~ 1 



Materials and methods 

Cell lines 

MPRO . cells and HM-5 cells provided by Dr Schickwann Tsai (Fred 
Hut chili son Cancer Research Center, Seattle, WA) ,S were used throughout 
the study. The cells proliferated continuously as a GM-CSF-dependent cell 
line at 37°C in Iscoves modified Dulbecco medium (Gibco BRL, Grand 
Island, NY) supplemented with 5% to 10% fetal calf serum (Gibco BRL) 
and 1 0% HM-5-conditioned medium as a source of GM-CSF. Morphologic 
differentiation of the blocked MPRO promyelocytes was induced by 
treatment with 10 |iM ATRA (Sigma, St Louis, MO). Controls were 
cultured in the absence of ATRA but with the same volume of ve- 
hicle (ethanol). >. 

RNA isolation and differential display 

After exposure to 10 u.M ATRA for 0, 24, 48, or 72 hours, total cellular 
RNA was isolated from MPRO cells using TRIzol reagent (Life Technolo- 
gies, Gaithersburg, MD). cDNA was then synthesized using a T-7 Sal-Oligo 
d(T) 32 primer as described previously. B ' , 8 The double-stranded cDNA was 
digested with 1 of 9 different restriction enzymes {Apal t Bg!\\ t BamHl, 
Eagl, EcoRl, ff/ndlll, Xba\ t Kpnl, and Sphl) and li gated to Y-shaped 
adaptors with a complementary overhang. DNA fragments were then 
amplified by PCR as described previously. PCR products were separated 
on a sequencing gel of 6% polyacrylamide with 7 M urea. The gel was dried 
and exposed to x-ray film. Genes from differential display gels, whose 
maximum intensity changes equaled 2+ on a scale of 1+ to 8 + , were 
recorded as significantly changed. 19 Individual DNA bands were recovered 
from the gels, amplified by PCR, and sequenced. 

Oligonucleotide chip analysis of RNA samples 

Ten micrograms total RNA from each sample (0, 24, 48, or 72 hours) was 
used to prepare cDNA. This cDNA was transcribed with T7 RNA 
polymerase to prepare a fluoiescently labeled probe. 20 - 2 1 Each sample was 
hybridized to mouse array chip (MullK. Array; Affymetrix, Santa Clara, 
CA) containing oligonucleotide probe sets corresponding to approximately 
7000 known genes or ESTs represented by UniGene clusters. 22 cDNAs 
were considered present if their probe set results were rated as such by the 
GeneGtiip software (Affymetrix) and if the average difference (AD) 
between perfect match and mismatch probe pairs was not less 100 U. If a 
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gene was represented by more than one array probe set, the average of all 
probe sets for the gene was taken. Genes with AD values between 100 and 
200 were considered unchanged because of their low expression levels. 
Those genes with AD values equal to or more than 200 U at one time point 
were further studied by rescaling, threshold, and normalization methods 
described in the MIT Center for Genome Research Web site. 15 A value of 20 
was assigned to any gene with an AD below 20 at some time point. 

Bioinformatics and database development 

All the sequences or gene fragments were searched using Blast against 
GenBank and TIGR gene indices. A database of genes or ESTs whose 
expression levels changed during myeloid differentiation was constructed 
containing information for each band or gene. This included GenBank 
matches, Locus Link or Unigene clusters, expression patterns, tissue 
distribution, synonym(s) protein name, gene name(s), notations of possible 
functions, poly A signal and sequence quality, and hyperlinks to the 
database searches, sequence trace files, and related references. All gene data 
were then gathered into a cluster file. Supplementary information is 
available at httpy/bioinfo.mbb.yale.edu/expression/neutrophil. 

Classification and analysis of DNA fragments 

Sequences from differential display analyses were classified as representing 
known genes, ESTs, genomic sequences, or novel genes as described 19 * 23 
Known genes from both differential display and arrays were clustered into 
27 functional categories and searched against SWISS-PROT (http:// 
www.expasy.cbrjirc.ca/cgi-bin/sprot-seajch-ful) or PIR (http://www.pir. 
georgetown.edu/). Information such as function, subcellular location, 
family and superfamily classification, map position, similarity, synonym(s) 
protein name, gene name(s), and so on was recorded in a variety 
of databases. 

Northern blot analysis 

Thirty micrograms total cellular RNA per lane from time-course MPRO 
cells were loaded onto 1.2% formaldehyde-agarose gels, then transferred to 
Hybond-N+ membranes (Amersham Pharmacia Biotech, Uppsala, Swe- 
den). After standard prehybridization, membranes were hybridized over- 
night at 65°C with radiolabeled cDNA probes (ordered from Research 
Genetics according to their dbEST Image ID). Membranes were washed at a 
final stringency of 60°C in 0.1 x SSC. 

Immobilized pH gradient 2-dimensional gel electrophoresis 
and mass spectrometry 

Induced MPRO cells collected at 0 and 72 hours were lysed with lysis 
buffer (540 mg urea, 20 mg dithiothreitol, 20 pX Pharmalyte [3-10], 1.4 mg 
phenylmethylsulfonyl fluoride, I u.g each aprotinin, leupeptin, pepstatin A, 
and antipain 50 u.g TLCK, and 100 u-g TPCK/1 mL). We applied 100 p.L 
each MPRO cell lysate (2.5 x I0 6 cells/100 u.L) to immobilized pH 
gradient (IPG) strips (pH 3-10 L; Amersham Pharmacia Biotech), and IPG 
electrophoresis was conducted for 16 hours (20 100 Vh) using an Immobi- 
line Drystrip Kit (Amersham Phannacia Biotech). Electrophoresis in the 
second dimension was carried out in a 12% sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) gel with the Laemmli- 
SDS continuous system in a Protean II xi 2-D cell (Bio-Rad) run at 40 mA 
constant current for 4.5 hours. Proteins were detected by Brilliant Blue 
G-coiloidal staining. 24 Protein spots were excised from the gel and digested 
with trypsin. ACTH clip (average [M+H] 2466.70) and bradykinin 
(average [M+H] 1061.23) were used for calibration of peptide masses. One 
microliter sample digest was mixed with 1.0 u,L a-cyano-4-hydroxy 
cinnamic acid (4.5 mg/mL in 50% CH 5 CN, 0.05% TFA) matrix solution and 
1 u.L calibrants (100 fmol) each. The spectra of the peptides were acquired 
in reflector/delayed extraction mode on a Voyager-DE STR mass spectrom- 
eter (Perseptive Biosystems, Foster City, CA). Peptides were identified 
using the ProFound search engine. 39 



# 
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Results 



Differentiation of MPRO cells 



Figure I illustrates the morphologic changes in an MPRO cell 
population representative of those used for RNA expression 
analysis. Undifferentiated MPRO cells resembled promyelocytes 
under the light microscope (Figure 1 A). After induction with ATRA 
for 24 hours, the cells morphologically differentiated into metamy- 
elocytes (Figure IB). At 48 hours, die cells further developed 
into metamyelocytes and band neutrophils (Figure 1C). At 72 
hours, nearly 100% of MPRO cells became mature neutrophils 
(Figure ID). 

Identification of mRNAs by differential display assay 

MPRO cellular mRNA was analyzed at 0; 24, 48, and 72 hours after 
ATRA treatment. Nine restriction enzymes were used in a 3 '-end 
DD approach. During MPRO differentiation, 1109 fragments 
corresponding to 837 transcripts were found to change substan- 
tially in expression levels (Figure 2). These represented approxi- 
mately 279 known genes, 112 ESTs, and 59 putative new genes, 

-^drwith-^-rjerfeet^r^ii^ analyze 

distance from the oligo-dT priming site. The gene information 
detected by DD was collected in database dbMCd. 



rRNAs 
Genomic f% 
Sequences \ 
6% 



Mitochondrial 
/Sequences 
2% 




Identification of mRNAs by oligonucleotide chip assay 

We used an oligonucleotide chip containing 13 179 probe sets 
corresponding to approximately 7000 murine genes to analyze 
patterns of mRNA expression in the same RNA samples used for 
DD. The information obtained by oligonucleotide arrays was 
collected in the database dbMCa. 

We clustered the genes by their similarity to idealized 
expression patterns. For instance, the expression pattern of an 
ideal gene that is overexpressed (high) at tune 0 and underex- 
pressed (low) at 24, 48, and 72 hours, would be high-low-low- 
low (HLLL). Overall we have (2 4 -2) idealized patterns exclud- 
ing HHHH and LLLL. Pearson correlation was used as the 



Figure 2. Distribution of genes obtained by DD assay. MPRO ceQ mRNA was 

'ftri-^at n, ?A, and 73 hmitn after A TRA trwalmgnt; 11 HQ fragments 

corresponding to 637 transcripts were found to change substantially tn expression 
levels. The total 837 transcripts were classified into 6 categories according to the 
bbtnformatic analysis. Percentages show the gene distributions in these 6 catego- 
ries. Information for each transcript was collected in database dbMCd. 




Figure 1. Morphology of MPRO cells during differentiation. MPRO cells were 
induced as described in "Materials and methods," concentrated by cytospin, and 
Wright-Gtemsa stained. (A) Uninduced MPRO cells. (B) MPRO cells induced with 
ATRA for 24 hours. (C) MPRO cells Induced with ATRA for 48 hours. (D) MPRO ceils 
induced with ATRA for 72 hours. 



measure of similarity of each gene expression pattern, 
x ~ (x iy x 2y x 3 jC4) to each of the 14 idealized patterns 
y = (Vi JWsJ^)- The 4 entries of x and y corresponded to the 
4-diniensional gene expression levels at 0, 24, 48, and 72 hours, 
respectively. Each gene was assigned to a cluster labeled by the 
idealized pattern that had the maximal correlation with that 
gene. We selected only genes that hybridized well compared 
with the background (considered "present" by GeneChip soft- 
ware) and had maximal AD amplitude greater than 200 U in at 
least 1 of the 4 stages. We further tabulated the 14 patterns 
according to whether the gene expression changed at early 
(0-hour), intermediate (24- and 48-hour), and late (72-hour) 
time points and whether gene expression monotonically in- 
creased (up-regulated), monotonically decreased (down-regu- 
lated), or was not monotonic (transient). Table 1 shows 8 
clusters of 104 genes that had significant changes of mRNA 
levels, arranged according to the temporal stage and the 
monotonic/transient changes of expression levels. 

Principal component analysis determined whether we could 
comprehensively present multidimensional data (4-dimensional in 
our case) in a simple 2-dimensional graph. First, we found the 4 
principal components, which were the axes of die most compact 
4-dimensional ellipsoid that encompassed the 4-dimensional cloud 
of data. Each axis was a different linear combination of the original 
4 variables. Then we verified that the first 2 principal components 
(the first 2 largest axes of the ellipsoid) captured most (95.2%) of 
tlie variation of the data. Therefore, the data could be faithfully 
projected (with a minor loss of information) into a 2-dimensional 
graph, with the 2 largest principal components as die x- and y-axes. 
As shown in Figure 3, genes tend to coalesce in clusters, according 
to their labels determined by their similarity to an ideal expression 
pattern. In summary, a genomic (global) picture of the distribution 
of genes according to their similarity to predetermined idealized 
multidimensional expression patterns is concisely displayed in a 
2-dimensional graph. 
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Table 1 . Genes differently regulated during the different stages of mouse promyelocytic cell line differentiation process 
' Timing 



Category Early Middle Late 



Up-regulation 


LHHH (n = 10) 


LLHH (n = 6) 


LLLH (n = 13) 




Maif P2rx1 Itgb2 lllrt Lcn2 itpr5 


PirslCybb Pfc PiraS Cd53 tfngr2 


111a CsOrW C/s/S100a8 L-CCR Ctss 




Cebpb H2-D Etohi6 Zyx 




Aldol Rac2 Fpr1 Ctsd Ubb Ptmb4 


Down-regulation 


HLLL (n = 11) 


HHLL(n = 1) 


HHHL (n = 37) 




Tcrg-V4 Ly64 Ctsg Spi2-1 McptB 


Mpo 


AcU //f2EL2 Rpl19 Actb Ly6e Atf1 Hist2 




MycMyb Tlr4 Npm1 Erh Hsp60 




Psma2 Gnas Zfp36 tt4ra Ltbr Shfdgl 
Max Rps8 Csf2rbl Slpi Tctexl Tpl Btf3 
CmTGys3 Slc10a1 CtsbSeppI Rtn3 
Ccnb2 S 1O0a9 Cf1 1 Hist5-2ax Rela 
Copa Gstml Gnb2-rs1 Gm RPL8 


Transient 




LLHL (n = 9) 

Sell KK?.Pira6 Pirb Lst1 Ltf Sema4d Stat6 Mmp9 
LHHL (n = 17) 

Cebpa Lyzs Fcgr3 Arf5 Lampi Stat3 Csf2ra Osi 
Actg SfpM Gpx3 PtprcPrtn3 Irfl Rps6ka1 
Ltb4rMyln 





Arrays of Affymetrix Mu11k containing 13103 probe sets corresponding to 12002 GenBank accessions were used for hybridization. Arrays were hybridized with 
streptavidin-phycoerythrtn (Molecular Probes) biotin-labeled RNAand scanned. Intensity for each feature of the array was captured using Genechip software (Affymetrix), and 
a single raw expression level for each gene was derived from the 20 probe pairs representing each gene using a trimmed mean algorithm. For each gene, an AO of 24-. 48-, and 
72-hour samples was calibrated by dividing the slope of the Onear regression fine for a graph with the x-axis the AD of 0-hour probe sets and the y-axis the AD of the respective 
4tfne^nt^^4B^r-7-2Jiouisl^AAhrBsholrt nf ?f) U was assigned tn an yoenn with a calculated expression level below 20 because discrimination of expression below this level 
could not be performed with confidence. 3 * Each gene expression profile was categorized as described in Tables 3, 4, and 5. For the 4 time points, the minimum AO of the 
relatively higher group (MIN-H) was divided by the maximum AD of the relatively low group (MAX-L), and those genes whose MIN-H/MAX-L greater than 2 were selected as 
meaningfully regulated. Genes were sorted in descending order, based on the MIN-H/MAX-L Genes in boldface are those whose expression level was in the top 20% (ie, 
maximum AO of 4 time points greater than 3000), and genes in italics are those in the bottom 20% (ie, maximum AD of 4 time points less than 300). The differentiation period 
was grouped into 3 stages: early (0-hour), middle (24-hour and 48-hour), and late (72-hour) stages! 

AD indicates average difference; gene symbols are expanded in an Appendix at the end of this article. 




Figure 3. Gene clusters In the first 2 principal component spaces. Principal 
component analysis allowed us to present the multidimensional data (In this case, 
4-dimensional data of each gene expression pattern) in a simple 2 -dimensional 
graph. We derived the 4 principal components, which are a linear combination of the 
standardized expression intensities (zero mean and unit variance) at 0, 24, 48, and 
72 hours. The first 2 principal components captured most of the variation of the data 
(approximately 85%). Therefore, the data can be displayed (with a minor toss of 
information) in a 2-dimensional graph. The first and second principal components, d and 
c2, are given by the linear combinations Ci - 0.747 • rrl - 0.11 * n2 - 0.656 • n3 + 0 - 
n4 and = 0.278 • nl + 0.353 ■ n2 + 0233 ■ n3 - 0.863 - n4, where nl , n2. n3. 
and n 4 are the reseated and standardized expression levels at 0, 24, 48, and 72 
hours, respectively. The axes legends c1 and c2 stand for the first 2 principal 
components. In this paper we used the Pearson correlation to measure the similarity 
of each gene with the idealized expression patterns, as opposed to the Euclidean 
distance we used in a previous work, 19 because clusters were better separated using 
this measure. In both cases, we presented the data in the 2-dimensional space of the 
lowest principal components. The data had a tendency to be circularly distributed 
when we used the Pearson correlation as a distance measure. 



Correlation between array and DD analyses 

We have previously demonstrated a correlation coefficient of 0.93 
between visual estimates of changes in band intensity on DD and 
Phosphorimager System (Molecular Dynamics, Sunnyvale, CA) 
estimates of band intensity and a correlation coefficient of 0.88 
between hybridization intensity changes of mRNA on Northern 
blot analyses and changes in band intensity on DD. 19 In a few cases 
there were clear discrepancies in the pattern of expression of a 
gene, as estimated by DD and by oligonucleotide chip analysis. We 
chose the 6 most extreme cases and examined the levels of inRNA 
change for these genes by Northern blot analysis (Figure 4). In 5 
cases, the Northern blot results agreed with the results of the DD 
analysis, whereas the results of Gnb2-rsl disagreed with the 
oligonucleotide array but duplicate bands from DD showed a 
relatively high level of expression in the 0 time sample that did not 
correlate with the Northern blot (Table 2). One possible explana- 
tion for these findings was the change in the relative use of different 
polyadenylation sites after the addition of ATRA to the MPRO cells. 

Constructing a database for mRNA level changes during 
myeloid differentiation 

Based on the data obtained above, an in-house database (dbMC) 
was constructed that included 2 subdatabases, dbMCd and dbMCa, 
for collecting gene information from DD or oligonucleotide arrays, 
respectively. Each entry in dbMC is accompanied by a so-called 
executive summary. The linkage between dbMCd and dbMCa was 
established by UiiiGene ID and cluster ID. dbMC contains the 
temporal expression patterns of genes during the MPRO cell 
differentiation process, including not only products represented in 
public databases but also novel transcripts. 
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Figure 4. Northern blot analysis of selected mRNAs. Equivalent amounts of RNA 
from MPRO cells induced by ATRAat different time points (0 hour, 24 hours, 48 hours, 
and 72 hours) were resolved by formaldehyde-agarose gel electrophoresis, stained 
to verify the amount of loading. Eleven genes were separately probed on the RNA 
filters. The gene symbol of each probe was listed at the left of a related Northern blot 
result Detailed Information on these 1 1 probes was fisted in Table 5. One of the 
RNA-blotted membrane photographs Is shown with methylene blue-stained 28S and 
1SS RNA subunits demonstrating the quality and quantity of RNA loaded in 
individual lanes. 

Analysis of gene expression patterns during MPRO 
differentiation 

Many of the genes identified in this study were found in myeloid 
cells or were implicated in myeloid development for the first time. 
We detected 8 cytokines 25 and chemokines whose mRNA levels 
changed more than 5-fold by arrays and 2-fold by DD during the 
maturation of MPRO cells (see our . Web site, http:/Moinfo.mbb. 



yale.edu/expression/neutrophil). Among these were 2 members of 
the CC chemokine family. Interleukin-lot (IL-la) was up-regulated 
at the late stage of differentiation (LLLH pattern, Table 1). 

mRNA for approximately 52 receptors was detected by one or 
the other method. A number of the receptors known to be present on 
mature neutrophils showed late induction of mRNA, and their 
levels of induction were high, indicating that die expression of 
these products is a prominent event late in neutrophil maturation 
(Table 3). Rarely was mRNA for receptors down-regulated, 
consistent with myeloid maturation being accompanied by increas- 
ing responsiveness of the cell to a variety of external stimuli. 

Expression of mRNA for granule proteins 

Neutrophils contain several types of granules that develop at 
different stages of myeloid maturation. 3 ' 17 - 26 Levels of mRNAs 
encoding secondary granule proteins, such as lactoferrin, increased 
as the cells matured (Table 4). The level of mRNA for Mmp9, 
reported as a tertiary granule protein, increased markedly between 
24 and 48 hours after the induction of differentiation, whereas 
mRNAs for secondary granule proteins either increased less 
markedly or showed a maximum increase by 24 hours. mRNAs for 
several primary granule constituents, such as myeloperoxidase and 
cathepstn G, were present in unstimulated cells and decreased as 
the cells matured. There was a discrepancy in die measurements of 
proteoglycan mRNA by DD and oligonucleotide chips, but North- 
ern blots showed that it reached a peak at 48 hours and then 
declined (Figure 4). Cathepsin D is reported as a primary granule 
protein, but its pattern of mRNA expression more closely re- 
sembled that of secondary granule constituents. In addition to 
known granule components, mRNAs for several other cathepsins 
were up-regulated during myeloid differentiation, in parallel with 
or later than the tertiary granule protein mRNAs. 

mRNAs for transcription factors 

Transcription factor genes, including several identified at the sites 
of consistent chromosome rearrangements in acute myeloid leuke- 
mia, have been implicated in normal myeloid differentiation and in 
the expression of neutrophil proteins. 2 * 5 * 27 However comprehensive 
information concerning the expression of these transcription fac- 
tors during myeloid development is not readily available. There- 
fore, we compared gene names and identifiers in our databases to 
those of the transcription factor database- Transfac (http:// 



Table 2. Expression patterns of genes detected by Northern blot analysis 



Gene 


Gene 




AO value by array 






Intensity by OD 




symbol 


accession 


Oh 


24 h 


48 h 


72 h 


Oh 


24 h 


48 h 


72 h 


Cebpa 


M62362 


33 


212 


182 


44 










Cebpb 


X62600 


390 


1246 


1380 


1903 










Cebpd 


X61BO0 


157 


262 


168 


430 










Cebpe 




















Myb 


M 12848 


892 


356 


230 


435 










Slpi 


U730O4 


617 


501 


783 


402 


t 


2 


3 


3 


Pro3 


W45834 


153 


259 


339 


345 . 


5 


1 


1 


2 


Gnb2-rs1 


X75313 


4231 


3623 


3215 


3403 


4 


4 


1 


1 


Ly6e 


U0426B 


3061 


5391 


2844 


1282 


3 


2 


1 


1 


Lsp1 


M 903 16 


65 


376 


840 


28 


2 


3 


5 


6 


Actb 


X03765 


3095 


3588 


3976 


2434 


1 


2 


3 


2 



Gene symbol and gene accession refer to National Center for Biotechnology Information databases and, In particular, to Locus Link. AO value is the average difference in 
the value of hybridization intensity between the set of perfectly matched oligonucleotides and the set of mismatched oligonucleotide in the oligonucleotide array. Band 
intensities from DD were sem (quantified on a scale from 1(+)to8(+ + ++ ++++). These estimates are shown as boldface numbers in this table.' 9 Both AD value and 
intensity of genes were studied at 4 time points corresponding to MPRO cells induced for the indicated times. 

DD indicates differential display; MPRO, mouse promyelocyte cell line; for gene symbols, see the Appendix at the end of this article. 
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Table 3. Receptors expressed during myeloid differentiation process 











AD value by array 




Maximal told change 


Gene symbol 


Gene accession 


Oh 


24 h 


48 h 


72 h 


Less than 2 
















Bzrp 


021207 


641 


658 


861 


887 




Cmkar4 


X99581 


508 


447 


378 


684 




Crry 


M34173 


433 


384 


506 


506 




Csf2rb1. 


M 34397 


318 


345 


410 


241 




HtrSa 


Z1827B 


188 


272 


273 


339 




M6pr 


X64068 


S36 


409 


408 


649 




MPPIR 


AA 116789 


232 


84 


63 


381 




TCRGB 


M26053 


165 


212 


244 


299 




Tnfrsfla 


M59377 


0 


1 


1 




2 or more, less than 3 
















Cmkbrl 


U28404 


221 


244 


504 


638 




Crhr 


X72305 


121 


200 


250 


355 




Csf2ra 


M85078 


171 


372 


402 


254 




Ebi3 


AF013114 


187 


270 


428 


148 




Gridl 


D10171 


128 


164 


150 


257 




Ifngr 


J05265 


141 


263 


327 


251 




I12rg 


U21795 


205 


184 


231 


477 




Ldlr 


X64414 


1399 


1653 


1665 


3968 




P40-8 


J02870 


849 


677 


381 


640 







X62701 


312 


443 


476 


734 




Rarg 


M34476 


102 


113 


114 


218 




Srt>1 


U37799 


126 


232 


132 


258 


3 or more, less than 4 
















Cr2 


M 29281 


83 


138 


243 


77 




Csf2rb2 


M29855 


209 


249 


437 


111 




Fcerlg 


J05020 


2398 


2766 


3365 


8751 




Fcgr2b 


X04648 


1703 


1652 


1431 


4605 




Ifngr2 


U69599 


1 


2 


2 


3 


4 or more, less than 5 
















Nr4a1 


X16995 


96 


188 


202 


401 


5 or more 
















I11r2 


X59769 


462 


1796 


2872 


3618 




C5r1 


L05630 


185 


434 


808 


1078 




Drd2 


X55674 


0 


0 


0 


219 




Fcgr3 


M 14215 


1 


1 


1 


2 




Fpr1 


L22181 


0 


89 


141 


671 




GCR 


AA240711 


2 


0 


0 


0 




L-CCR 


AA034646 


48 


175 


314 


2056 




NMDARGB 


AAB20211 


2 


2 


0 


0 




P2rx1 


X84896 


79 


346 


530 


744 




Piral 


U96682 


0 


43 


172 


378 




PiraS 


U96686 


274 


391 


954 


1874 




Pira6 


U96687 


122 


635 


2014 


1716 




Pirb 


U96689 


191 


445 


966 


747 




Sell 


M25324 


46 


104 


570 


20 




Tcrg-V4 


M 54996 


1650 


78 


65 


315 



Receptors are identified as present whose maximal AD values were more than or equal to 200 U in this study. Genes were sorted by their expression patterns as follows: 
first by the average difference value, then by the difference between minimum and maximum AD for the 4 time points, and last by the alphabetical order of gene symbols. Genes 
were ordered according to the maximal fold change of AD values. Abbreviations of gene names are taken from gene symbols fisted in the Locus Link portion of the National 
Center for Biotechnology Information database where available. Numbers in bold denote those gene expression patterns obtained by differential display rather than by 
oligonucleotide array assays. The other information is presented as in the legend to Table 2. 

AD indicates average difference; gene symbols are expanded In an Appendix at the end of this article. 



www.tnuisfac.gbf-braunscIiweig.de/TRANSFAC) and determined 
which factor? contained in this database were present at detectable 
levels in MPRO cell mRNA, using Affymetrix software for the 
criteria for inclusion of mRNAs from approximately 200 murine 
transcription factors probe sets on the oligonucleotide chip. Of 
these, 54 were expressed and 13 showed changes of 3-fold or more 
in chip signal (Table 5). 

The changes in certain transcription factors, such as the moderate 
down-regulation of myb and myc and the up-regulation of the Max 
dimerization protein MAD, were consistent with the shift of the cells 



from a proliferative to a differentiated state. 2 * Some changes are more 
difficult to explain, such as the up-regulation of DPI , a partner for H2f 
factors in the regulation of S-phase genes, and the mild up-regulation of 
the Id genes, commonly associated with an inliibition of differentiation 
by competition with bHLH transcriptional activators. 29 

The C/EBP family has been extensively studied with respect to 
myeloid differentiation. 2 ' 30 Absolute levels of the C/EBP a and 5 
mRNAs were low, probably at the borderline of significance for the 
oligonucleotide chip assay, whereas the level of C/EBP p appeared 
higher. In addition, there were discrepancies between the chip 
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Table 4. Granule constituents expressed during mouse promyelocyte cell line cell differentiation 











AD value by array 




Granule constituent 


Gene symbol 


Gene accession 


Oh 


24 h 


48 h 


72 h 


Azurophil {primary) granules 
















Man2c1 


AA161860 


178 


134 


99 


164 




Ctsb ' 


M65270 


442 


480 


595 


389 




Ctsd 


X52886 


214 


1087 


1828 


2784 




Ctsg 


M96801 


1509 


405 


46 


286 




E12 


U04962 


658 


1273 


843 


157 




Ela2 


AA6B9016 


47 


159 


134 


163 




Gus-s 


M63836 


544 


226 


266 


254 




Lyzs 


M21050 


o 


1 


1 






McptB 


X 78545 


831 


268 


66 


491 




Mpo 


X1S378 


3788 


3009 


776 


692 




Prg 


X16133 


2621 


2653 


2920 


9859 


Possible granule proteins 
















Ctsc 


AA1 44887 


252 


194 


342 


576 




Ctse 


X97399 


<! 


3 


4 


5 




Ctsh 


U06119 


45 


124 


195 


156 




Ctsl 


X060B6 


16 


11 


31 


237 




Ctss 


r\AVLf Q3o JO 


12 


9 


88 


463 


Specific secondary granules 
















Cpa3 


J 051 18 


621 


270 


90 


801 




Cd36t2 




113 


93 


157 


187 




Cnlp 


X94353 


60 


479 


704 


626 




Cybb 


U43384 


6 


24 


91 


128 




Ear2 




0 


1 


1 


2 




Fpr1 


L22181 


178 


220 


235 


846 




Itgb2 


X14951 


0 


2 


4 


2 




Lcn2 


W13166 


916 


3513 


3931 


6036 




Ltf 


J03298 


19 


162 


333 


138 




MBP 


W45834 


5 


1 


1 


2 




Mmp13 


X66473 


44 


43 


72 


178 




Ngp 


L37297 


2661 


4782 


2311 


6912 


Tertiary granules 
















Mmp9 


227231 


0 


1 


2 


2 



Shown are the possible granule protein cDNAs represented on the oligionuclectide arrays, sorted by their expression patterns as follows: first by the average difference AD 
value, then by the granule types, and last by the alphabetical order of gene symbols. Data are presented as described in the legend to Table 3. 
AD indicates average difference; gene symbols are expanded in an Appendix at the end of this article. 



estimates and the mRNA levels observed by Northern blotting with 
specific probes for these genes. In particular, the latter method, 
more sensitive and specific, showed that C/EBP a began to decline in 
the most mature cells, whereas C/EBP 8 mRNA declined progressively 
beginning at 24 hours after the onset of differentiation. 

C/EBP e is a more recently cloned C/EBP family member. Previous 
studies indicated it is expressed in a large array of human leukemia cell 
lines blocked at various stages of differentiation and that it is up- 
regulated during granulocytic differentiation. 31 A C/EBP e probe was 
not included in the oligonucleotide chips, and this mRNA was not 
detected by DD. Therefore, we examined the C/EBP € expression 
patterns by quantitative PCR and Northern blot analysis (Figure 4). 
C/EBP e exon 1 was PCR amplified from MPRO RNAs using primers 
RY48 (AGCCCCCGACACCCTTGATGA) and RY49 (TGGCACACT- 
GCGGGCAGACAG). 32 The results showed tliat C/EBP e is expressed 
tluoughout myeloid differentiation, with expression levels increased 
moderately in the later stages. 

We detected a number of other transcription factors that are 
broadly expressed or that have been reported in other studies of 
hematopoiesis (Table 5). Some of the factors that were most 
strongly induced during differentiation have been studied in other 
contexts but not previously implicated in hematopoiesis, such as a 
mammalian homologue to ih&Drosophila enhancer of split gene, a 
transcriptional silencer. The mammalian gene is expressed at 
relatively high levels as measured by the oligonucleotide chip and 



is a candidate for mediation of the silencing of growth-related 
genes in the maturing neutrophil Another candidate transcriptional 
silencer, Tiflb, may serve as a corepressor for the KRAB domain 
family of zinc finger transcription factors and also may mediate 
binding of the heterochromatin protein HP1 to DNA. 33 

There were 26 transcription factors whose mRNAs showed no 
significant changes by oligonucleotide chip analysis and were not 
identified as differentially regulated genes by differential display 
assays. PU. 1 , a factor necessary for the production of neutrophils 
and the expression of several neutropliil genes, 34 showed less than a 
3-fold increase in mRNA, below the threshold for a significant 
change. Other candidate hematopoietic transcription factors, such 
as PEBPlaB2 (AMLI), GATA-1, and SP-2, were represented on 
the oligonucleotide chips, but their mRNA levels were so low that 
they were reported as absent in this study. The possibility that small 
changes in the levels or ratios of some transcription factors could 
produce marked changes in transcription potentially limits die 
ability of data generated by present methods to explain transcrip- 
tional changes during differentiation. 

Protein expression patterns of MPRO cells during 
ATRA induction 

We visually compared the 2DE patterns from MPRO cells at the 
same time points used for mRNA analysis. In most cases the 
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Table 5. Transcription modulators presented during myeloid differentiation 



AO value by array 



Maximal fold change 



Less than 2-fold 



2 or more, less than 3 



Gene symbol 



Gene accession 



Oh 



24 h 



48 h 



Zfp11-6 

Btf3 

Gata2 

Hmgl 

Idb1 

Max 

Nfatc2 

Pm1 

Rarg 

Rela 

Sox15 

Ybxl 

Zfp162 

Cebpd 

Idb2 

Jundl 

Lyl1 

Nfe2 

Nfkbl 



AB020542 

W13502 

AB000096 

J04179 

M31885 • 

M63903 

AA560093 

U33626 

M34476 

M61909 

W53527 

M62867 

Y12838 

X61800 
M69293 
W29356 
X57687 
L09600 
L28117 



2630 
3 

562 
337 
455 
256 
2313 
, 173 
102 
297 
419 
643 
671 

157 
244 
1274 
399 
458 
953 



2989 
3 

770 
348 
787 
224 
3218 
281 
113 
260 
461 
489 
734 

262 
210 

2002 
342 
743 

2044 



2795 
2 

472 
177 
721 
312 
2396 
329 
114 
304 
484 
472 
720 

168 
310 
1434 
347 
1042 
1876 



72 h 



2515 
1 

730 
232 
637 
172 
2542 
306 
218 
244 
837 
496 
992 

430 
604 

3085 
891 
505 

2034 



3 or more, less than 4 



4 or more, less than 5 



5 or more 



Pbx1 

sfpM 

Fiflb 

Trp53 

Usf2 

Ybx3 

Zfp216 

Irf1 

KIf2 

Myb 

Stat3 

Tfdpl 

Cebpb 
StraU 

Cebpa 

Grg 

Mad 

Myc 

Etohi6 

TBX1 



AF020196 

A34693 

U67303 

P10361 

U 12283 

L35549 

AA510137 

M21065 
U25096 
Ml 2848 
AA396029 
Q08639 

X62600 
Y07836 

M62362 
X73359 
X83106 
L00039 
W89667 
AA542220 



611 

375 
673 
259 
129 
96 
82 

85 
62 
892 
484 
307 

390 
223 

33 
99 
0 
314 
169 
0 



303 
784 
659 
149 
185 
169 
151 

207 
86 
356 
1057 
560 

1248 
383 

212 
565 
111 
112 
386 
0 



345 
991 
420 
125 
285 
210 
204 

278 
246 
230 
1012 
505 

1380 
510 

182 
916 
167 
62 
313 
1 . 



212 
529 
863 
361 
192 
119 
106 

198 
77 
435 
290 
1093 

1903 
936 

44 
1005 
327 
173 
1003 
2 



Shown are the transcription factors identified as present by the oligonucleotide array analysis whose maximal AO between perfect match and mismatch oligonucleotide 
sets was greater than or equal to 200 U in this study. Data are presented as described in the legend to Table 3. 
AD indicates average difference; gene symbols are expanded in an Appendix at the end of this article. 



peptides identified for a given protein were derived from regions 
along the entire length of the protein, indicating the observed 
products were not the result of proteolytic degradation. These 
data must be considered with several caveats: membrane and 
other hydrophobic proteins and very basic proteins are not well 
displayed by the standard 2DE approach, and proteins present at 
low levels will be missed. 55 In addition, to simplify MS analysis, 
we used a Coomassie dye stain rather than silver to visualize 
proteins, and this decreased the sensitivity of detection of minor 
proteins. The MS method we used was sufficiently sensitive to 
identify proteins that could barely be visualized by colloidal 
blue staining. However, a limitation of the method for the mouse 
is that the current database lacks predicted amino acid sequences 
for a substantial fraction of murine genes. In addition, very 
small proteins give only a few peptides, making statistically 
confident identification difficult. 



Figure 5 shows the analytical colloidal blue-stained 2DE IPG 
reference maps of differentiated MPRO cells. Expression patterns 
of more than 500 protein spots were detected and observed through 
the entire series of gels. Protein spots could easily be cross- 
matched to each other, indicating the reproducibility of the mediod. 
As marked on the gel pictures (Figure 5), 50 proteins with a wide 
range of molecular weights (1 to 200 kd), isoelectric points (4 to 9). 
and abundances were subjected to MS protein identification. The 
results are presented in Table 6. 

Comparing the theoretical value of the molecular weight and pi 
of each protein to that of the observed value, we confidently 
identified 28 proteins in the expected position on the gels (spots 1 to 
28). Some of the other proteins with strong matches to the murine 
databases migrated to a somewhat unexpected pi position. Nine 
spots gave clear peptide peaks on mass spectroscopy but did not 
match any known gene. Their identification will require amino acid 
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Figure 5. 2DE electrophoretograms of MPRO cells. 
MPRO cell lysate (2.5 x 10 6 celt/sample) was loaded for 
2DE analysis. Gels were stained with brilliant blue G-col- 
toidal dye. (A) 2DE map of uninduced MPRO cell (0 hour). 
(B) 2DE map of matured MPRO cells (72 hours). Protein 
spots marked in the maps were considered differentially 
expressed and were subjected to MS analysis. The 
resultant protein information is listed in Table 6, 



IPGs 



4£ 5X) W 6.Q 6,5 7M IS 8.0 8.5 




sequence analysis or availability of more extensive murine data- 
bases. We searched for the expression patterns of the genes cognate 
to the expressed proteins in dbMC (Table 6). Nineteen genes were 
found in dbMC, the inRNA for 5 genes was reported as absent, and 
13 genes were present during MPRO differentiation. Comparison 



4.5 5.0 55 6.0 6.5 7Q 7£ BjO 85 



that were differentially expressed significantly (5-fold or greater 
change by array or 2-fold or greater change by DD). 



of the expression patterns showed only 4 genes of 1 8 present on the 
oligonucleotide chips whose expression was consistent at the RNA 
level and protein level. None of these was on the list of the genes 

Table 6. Correlation of expression patterns between mRNA level and protein level 



Discussion 



We explored the temporal patterns of gene expression during 
myeloid development. A database has been developed to provide a 









Predicted 
value 


Percentage 
(%) 


2DE pattern 


cDNA expression 
pattern 




Spot 


Protein definition 


Gi number 


kd 


Pi 


Oh 


72 h 


Oh 


72 h 


Ag 


1 


GRP 78 


2506545 


72.4 


5.1 




1 


3 


1321 


1043.3 


N 


2 


Actin, gamma, cytoplasmic 


6752954 


41.77 


5.3 


40 


3 


6 


0 


2 


Y 


3 


RHO GDI 2 


2494703 


22.83 


4.9 


33 


3 


3 


341 


441.6 


Y 


4 


Proliferating eel! nuclear antigen 


7242171 


28.77 


4.7 


42 


1 


0 


544 


430.9 


Y 


5 


APS kinase 


4038346 


69.B 


7.1 


24 


2 


1 


43 


50.7 


N 


6 


Pyruvate kinase 3 


6755074 


57.9 


7.2 


48 


6 


4 


3047 


5880.3 


N 


7 


Melanoma X -actin 


6671509 


41.72 


5.3 


39 


1 


3 


2539 


341.3 


N 


a 


Glyceraldehyde-3-phosphate dehydrogenase 


6679937 


35.79 


8.7 


39 


8 


7 


3073 


57423 


N 


9 


Stefin3 


461911 


10.99 


5.9 


48 


0 


4 


N/A 


N/A 




10 


Guanine nucleotide binding protein, beta-2, 






















related sequence 1 


6680047 


35.06 


7.9 


21 


4 


2 


139 


303.1 


N 


11 


Triosephosphate isomerase 


6678413 


26.69 


6.9 


26 


3 


3 


3312 


2660.1 


Y 


12 


Testis -derived c-abl protein 


1196524 


17.19 


7 


51 


2 


3 


152 


126.9 


N 


13 


RNA binding motif protein 3 


7949121 


16.59 


6.8 


25 


1 


0 


628 


812.4 


N 


14 


Collapsin response mediator 


6681019 


62.16 . 


6.4 


36 


2 


0 


Absent 


Absent 


N 


15 


Lamin A 


220474 


47.52 


6.6 


35 


2 


0 


Absent 


Absent 


> N 


16 


47-kd keratin 


52783 


35.82 


4.8 


29 


3 


0 


Absent 


Absent 


N 


17 


sld478p 


5931565 


3U 


6.7 


30 


1 


2 


Absent 


Absent 


N 


18 


MHC class II H2-(A-beta-5 


3169662 


28.6 


7.1 


39 


1 


2 


N/A 


N/A 




19 


Androgen-binding protein: subunit atpha 


739346 


8.04 


6.4 


68 


0 


2 


Absent 


Absent 


N 


20 


Neuronal apoptosis inhibitory protein 


5932010 


158.7 


6 


17 


1 


0 


N/A 


N/A 




21 


PAD type IV . 


6755018 


74.46 


7.2 


21 


1 


3 


N/A 


N/A 




22 


Human serum albumin homologoue 


3212625 


66.45 


5.7 


24 


0 


6 


N/A 


N/A 




23 


syncrip 


6576815 


62.53 


7.2 


33 


2 


1 


N/A 


N/A 




24 


Transamldinase 


1730203 


48.22 


7.2 


31 


3 


1 


N/A 


N/A 




25 


PGK crigr phosphogtycerate 


1730519 


44.54 


8.3 


47 


5 


4 


1088 


1402.3 


N 


26 


Proiifetation-asiociaied gene A 


6754976 


22.16 


6.3 


53 


3 


1 


N/A 


N/A 




27 


Putatuve peroxisomal antioxidant enzyme 


3913065 


17 


7.8 


55 


0 


3 


N/A 


N/A 




2B 


IgE chain C2 region 


2137430 


12.1 


5.2 


38 


0 


1 


N/A 


N/A 





The proteins listed here are represented by the spots marked in the electrophoretograms shown in Figure 5. 

Protein definition, Gi number, and predicted value refer to the protein name, accession number, and properties derived from the National Center for Biotechnology 
Information protein database. The column labeled % shows the percentage of peptides predicted from the protein sequence that were detected by mass spectroscopy. The 
expression level of protein spots expressed In mouse promyelocyte cell line cell induced by all-frans retinoic add for 0 hours and 72 hours (Figure 5) were scored on a scale of 
1 (+) to 8 (+++++ + + +) in the 2DE pattern column. The cON A expression patterns of the cognate mRNAs are listed in the cDNA expression pattern column abstracted from 
the dbMC database. The genes not represented on the oligonucleotide arrays were marked as N/A. Ag showed the correlation of gene patterns at mRNA level or protein level. 

Y indicates agreement and N discrepancy between changes in cDNA and protein spot intensity. The numbers in bold were obtained with DD. 2DE indicates 2-dimenslonal 
gel electrophoresis; IgE. immunoglobulin E; DD, differential display. . 
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reference for later research on the molecular mechanisms underly- 
ing normal myeloid development. 

The MPRO cell system morphologically mimics normal myeloid 
differentiation and biochemically proceeds further toward mature neutro- 
phils than most other in vitro systems. Because the arrest in differentia- 
tion of MPRO cells growing in the absence of ATRA is not physiologic, 
there is a theoretical risk tliat gene expression in these cells is not 
coordinated in the way that it is in normal differentiation. It is 
encouraging tliat, for the most part, the timing of expression of genes for 
proteins of tlie various neutrophil granules is consistent with the timing 
of the morphologic and biochemical appearance of these granule 
components during normal myeloid differentiation. 

The DD technique provides certain advantages for detecting 
and comparing mRNA levels in different samples. First, the method 
is, in principle, similar to competitive RT-PCR, and, with the use of 
stringent PCR conditions, is expected to be about as reliable. 
Second, display patterns are reproducible. Third, the method 
detects the levels not only of RNAs already represented in the 
database but also of unknown RNA species that may represent 
"new" genes. Fourth, closely related genes can be distinguished 
regardless of cross-hybridization, provided there are some single 
nucleotide differences in the 3' end sequence. Limitations associ- 
ated with this tecliuique are that numerous gels are necessary to get 
complete information and that comparison of the levels of different 
mRNAs is only approximate because of the differential amplifica- 
tion of bands of different size or sequence. 

Oligonucleotide chip analysis is a fast and effective means of 
accessing mRNA expression patterns. 20 Cluster analysis of groups 
of samples by this approach is effective. However, the present 
results indicate that alternative methods of verification are desir- 
able before the data on an unexpected change in a particular gene 
are definitively accepted. 

To obtain the broadest range of information from the myeloid 
differentiation process, both differential display and oligonucleotide 
cliip techniques were applied in the current study. As a result, 653% of 
die observed clianges in mRNA levels came from the differential display 
method and 41.5% came from oligonucleotide chip assays. 

Our data showed in general tliat changes in expression pattern 
by the 2 methods agreed qualitatively but that there was some 
quantitative variation. Our results indicate that DD may be a more 
accurate way to detect changes in levels of gene expression than the 
oligonucleotide chip assay. However, improvements in the types of 
oligonucleotides used in arrays may close this gap in the future. 

The mRNAs for a limited number of transcription factors vary in a 
pattern correlating with tliat of tlie mRNAs for primary or secondary 
granule proteins. However, more detailed infonnatiou is needed, and the 
underlying meclianisms of granule gene regulation remain unclear. The 
number of potential positive and negative regulatory factors found here 
is sufficiently small as to make it feasible to perform in vivo studies, 
such as chromatin unmunoprecipitation. 

Tlie oligonucleotide chip used in this study focused on known 
genes, whereas tlie DD method samples all polyadenylated tran- 
scripts. The latter method generated a large number of products not 
associated with known genes, in part because the mouse genome is 
not as well represented in tlie database as the human genome. 
However, our experience with DD and human mRNAs indicates 
that substantial fractions of tlie products represented as ESTs or not 
represented at all in tlie public databases are cDNA copies from 
introns, hnRNA, or other RNA with internal A runs. 

Approximately 59 sequences obtained from gel-display bands 
had significant changes in tlie level of expression and a sequence 
that did not match tliat for any named gene in the public databases. 



Of these, 38 had plausible or excellent poly A signals. This is only 
an approximate estimate of tlie number of new genes found* 6 
because a fraction of the mRNAs for known genes still had poor 
polyA signals. In addition, tlie full 3' untranslated region is often 
not known for characterized genes, and in some cases these new 
genes may prove to be identical to products identified by tlie 
oligonucleotide chips when more complete sequences are obtained. 
At the least, their presence indicates tliat a substantial fraction of 
the regulatory or functional circuitry of maturing myeloid cells 
remains unexplored and that valuable tools for their investigation 
will emerge from a combination of RNA expression studies and 
analysis of emerging genomic sequences. 

The desired end point for the description of gene expression in a 
biologic system is not only the analysis of mRNA transcript levels 
but also the accurate measurement of protein abundance. Tlie 
developments in 2DE and new MS instrumentation make it 
possible to accomplish this work rapidly and efficiently. In tins 
study, we attempted to identify a number of the proteins differen- 
tially expressed between un induced and ATRA-differentiated MPRO 
cells and to examine the relation between mRNA and protein expression 
levels for these genes representing the same state. 

For protein levels based on estimated intensity of Coomasste dye 
staining in 2DE, there was poor correlation between clianges in hiRNA 
levels and estimated protein levels. Other groups liave studied the 
correlation between mRNA and protein levels in yeast and liver 
cells. 1 U 2 - 14 m the liver cell experiments, 11 ' 2 correlation coefficients of 
0.4 to less than 0.5 were observed. In an extensive study in yeast, 1 1,12 die 
correlation coefficient was high if die most abundant mRNAs and 
proteins were considered. If a liandful of these products was omitted, tlie 
remaining correlation coefficient was 0.4 or less. However, one 
could restore some of the correlation by averaging individual 
data points into broad proteomic categories. 57 

The discrepancies between mRNA and protein levels in MPRO cells 
appear to be substantially larger than those observed for yeast. Possible 
causes for the discrepancies include translational regulation, differential 
expression of certain mRNAs at various stages of cell growth in vitro, 
post-trans lational protein modification that varies with the stage of 
maturation of the cells, and selective degradation or excretion of proteins 
in vivo. Furthennore, here we are focusing on a developmental 
time-course, whereas tlie yeast study concentrated on die organism in 
vegetative growth. New techiuques, equipment, and bioiiifonnatic 
analysis tools must be developed to make such systematic, global, and 
quantitative analyses feasible. 

The initial studies of protein expression presented here provide a 
cautionary note for efforts to interpret cell composition and function in 
relation to mRNA levels. Discrepancies we observed between gene 
expression and protein abundance suggest tliat selective post-transcrip- 
tional controls may be at least as important as clianges in mRNA levels 
in determining the protein composition of neutrophils and tliat they are 
phenomena less well explored than transcriptional control. Analysis of 
mRNA expression patterns is itself only a small begimiing toward a 
genome-wide description of cellular components. 
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Appendix 



Gene symbols used in tables: Actb: actin, beta, cytoplasmic; Actg: actin, gamma, 
cytoplasmic; AcU: melanoma X-actin; Aldol: aldolase 1, A isofonn; Arf5: 
ADP^ribosylation factor 5; Atfl : activating transcription factor 1; Atf2: activating 
transcription Actor 2; Bt£3: basic transcription factor 3a; Bzrp: peripheral-type 
benzodiazepine receptor; C5rl: complement component 5, receptor 1/G protein- 
coupled receptor (C5a); Ccnb2: cyclin B2; Cd3612: CD36 antigen (collagen type 
I receptor, thrombospondtn receptor)-like 2; Cd53: CD53 antigen; Cebpa: 
CCAAT/enhancer binding protein C/EBP, alpha; Cebpb; CCAAT/enhancer 
binding protein (C/EBP), beta; Cebpd: CCAAT/enhancer binding protein ((7 
1EBP), delta; Ccbpc: CCAAT/aihancei binJuig pjutein (C/EBP), epsilon; Cfil: 
cofilin 1 , nonmuscle; Cmkai-4: chemokine (C-X-C) receptor 4; Cmkbrl: chemo- 
kine (C-C) receptor l/Mipla receptor, Cnlp: cathelin-like protein; Cntf: ciliary 
neurotropic factor/tinc finger protein PZF; Copa: coatomer protein complex, 
subtinit alpha; Cpa3: carboxy peptidase A3, mast cell; Cr2: complement receptor 
2; Crhn corticotropin releasing hormone receptor; Cny: complement receptor- 
related protein; Csfln CSF 1 (M-CSF) receptor/c-fins/CD115; CsGra: CSF 2 
(GM-CSF) receptor, alpha, low-affinity/CD 1 16; Csfcrbl: CSF 2 (GM-CSF) 
receptor, beta 2, low-atfinity/IL 3 receptor-like protein (AIC2B)/CDwl31; 



Csf2rb2: CSF 2 (GM-CSF) receptor, beta 2, low-affiiiity/IL-3 receptor (AIC2A); 
Qsb: cathepsin B; Ctsc: cathepsin C; Ctsd: cathepsin D; Ctse: catliepsin E; Ctsg: 
cathepsin G; Ctsh: cathepsin H; Ctsl: cathepsin L; Ctss: cathepsin S; Cybb: 
cytoclirome b-245, beta; Drd2: dopamine receptor 2; E2fl: E2F transcription 
factor 1; Ear2: eosinophil-associated ribonuclease 2; Ebi3: Epstein-Barr vinis- 
induced gene 3/cytokine receptor-like molecule (EBI3); E12: Balb/c neutropliil 
elastase; Ela2: elastase 2; Em: enhancer of rudimentary homolog (Drosophila); 
Etohi6: ethanol induced 6/sterol regulatory element binding transcription factor 1 
(SREBF1) homolog; F2rl2: coagulation factor II (thrombin) receptor-like 2; 
Fcis-1 g: Fc receptor, IgE.high affinity I, gamma polypeptide; Fcgr2b: Fc receptor 
IgG, low affinity lib; Fcgr3: Fc receptor, IgG, low affinity III; Fprl: fonnyl 
peptide receptor 1/fMLP receptor, Gabpbl: GA repeat binding protein (GABP- 
betal subunit); Gata2: GATA-binding protein 2; Gnas: guanine nucleotide 
binding protein, alpha stimulating; Gnb2-rs 1 : guanine nucleotide binding protein, 
beta-2, related sequence I; Gpx3: glutathione peroxidase 3; Grg: related to 
Drosophila groucho gene; Gridl: glutamate receptor channel subunit delta 1; 
Gm: granulin; Gstml: glutathione-S-transferase, mn I; Gus-s: beta-glucuroni- 
dase structural; Gys3: glycogen synthase 3, brain; H2-D: histocompatibility 2, D 
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region locus I; Hist2: histone gene complex 2; Hist5-2ax: H2Ahistoiie family, 
member X; Hmgi: high mobility group protein I; Hsp60: heat shock protein, 60 
kDa; HtrSa: 5-hydroxytryptamine (serotonin) receptor 5A; Idbl: inhibitor of 
DNA binding 1 /helix.- loop-helix DNA binding protein regulator (Id); Idb2: 
inliibitor of DNA binding 2; Ifngr interferon gamma receptor; Imgr2: interferon 
gamma receptor 2; Ii: la-associated invariant chain; Ilia: IL1 alpha; Illr2: IL1 
receptor, type II; H2rg: IL2 receptor, gamma chain; I14ra: IL4 receptor, alpha; 
111 Orb: IL10 receptor, beta; II 1 7n IL 17 receptor; Irfl : interferon regulatory factor 
1 ; Irt7: interferon regulatory factor-2; Itgb2: integrin beta 2 (Cdl 8); Itpr5: inositol 
1,4,5-trisphosphate receptor (type 2); Jundl: Jun proto-oncogene-related gene 
dl/transcription factor JUN-D; Klf2: Knippel-like factor LKLF; L-CCR: lipopoly- 
saccharide inducible C-C chemokine receptor-related; Lcn2: lipocalin 2; Ldlr. 
low density lipoprotein receptor; Lspl : Lymphocyte-specific l/S37/pp52; Lstl: 
leucocyte-specific transcript 1 ; Ltb4n leukotriene B4 receptor; Ltbn lymphotoxin- 
beta receptor; Ltf: lactotransferrin; Ly64: lymphocyte antigen 64; Ly6e: lympho- 
cyte antigen 6 complex, locus E; Lyll : lymphoblastornic leukemia/bHLH factor; 
Lyzs: lysozyme; M6pn mannose-6-phosphate receptor, cation dependent; Mad: 
Max dimerization protein; Man2cl: mannosidase, alpha, class 2C, member 1; 
Max: Max protein; Maz: MYC-associated zinc finger protein (purine-binding 
transcription factor); MBP: eosinophil granule major basic protein precursor; 
Mcpt8: mast cell protease 8; Mil: myeloid/lymphoid or mixed-lineage leukemia; 
Mmpl3: matrix metalloproteinase 1 3/collagenase; Mmp9: matrix metalionrotein- 
ase 9/gelatinase B; Mpo: myeloperoxidase; Myb: myeloblastosis oncogene; 
Mybl2: myeloblastosis oncogene-like 2; Myc: myelocytomatosis oncogene; 
MyJfl^H^o;aB4igta4shaiaralkali^ factor of activated T 



A5; Pira6: paired-Ig-like receptor A6; Pirb: paired-Ig-like receptor B; Plain: 
urokinase plasminogen activator receptor; PMI: putative receptor protein (SP: 
P17152 ); Prnl: proxnyelocytic leukemia; Prg: proteoglycan, secretory granule; 
Prg3: proteoglycan 3/eosinophil major basic protein 2; Prtn3: proteinase 3; 
Psma2: proteasome (prosome, macropain) subunh, alpha type 2; Ptmb4: prothy- 
mosin beta 4; Ptnrc: protein tyrosine phosphatase, receptor type, C; Rac2: 
RAS-related C3 botulinum substrate 2; Rarg: retinoic acid receptor, gamma; 
Rela: avian reticuloendotheliosis viral (v-rel) oncogene homolog A/NF-kappa-B 
p65; RpU9: ribosomal protein LI 9; RPL8: ribosomal protein L8; Rps6kal 
ribosomal protein S6 kinase polypeptide 1; RpsS: ribosomal protein S8; Rtn3: 
reticulon 3; S100a8: SI 00 calcium binding protein AS (calgranulin A); S 1 00a9: 
S100 calcium-binding protein A9 (calgranulin B); Sdfr2: stromal cell-derived 
feet or receptor 2; Sell: selectin L (lymphocyte adhesion molecule I); Sema4d: 
semanhorin 4D; Seppl: selenoprotein P, plasma, I; Sfpil: SFFV proviral 
integration I; Shfijgl: split hand/foot deleted gene I; SlclOal: solute carrier 
family 10 (sodium/bile acid cotransporter family), member I; Slpi: secretory 
leukocyte protease inhibitor; Sox 1 5: SRY-box containing gene 15; Spi2-1 : serine 
protease inhibitor 2- 1 ; Srb 1 ; scavenger receptor class B I ; Stat3 : signal transducer 
and activator of transcription 3; StatSa: signal transducer and activator of 
transcription 5A; Stat6: signal transducer and activator of transcription 6; Stra J4: 
basic -helix-loop-helix protein-ret inoic acid induced; Tbxl: TBXl protein/LPS- 
induced TNF-alpha factor homolog; Tcrgb: T-cell-receptor germline beta-chain 
gene constant region; Tcrg-V4: T-cell-receptor gamma, variable 4; Tctexl: 
t -complex testis expressed 1; Tfdpl: transcription factor Dp 1; Tiflb: transcrip- 
tional intermediary factor I hda: Tlr4: toll-like receptor 4 ; Tnfrsfl a; TNF 



celb^ cytoplasmic 2; Nfe2: nuclear factor, erythroid-derived 2, 45 kDa; Nflcbl: 
NF-kappa-B (pi 05); Ngp: neutrophilic granule protein; NMDRGB: N-metnyl-D- 
aspartate receptor glutamate-binding chain homolog; Npml : nucleophosmin I; 
Nr4al: nuclear receptor subfamily 4, group A, member 1; Osi: oxidative stress 
induced; P2rxl: purinergic receptor P2X, ligand-gated ion channel, 1; P2ry2: 
purinergic receptor P2Y, G-prolein-coupled 2; P40-8: P40-8, functional/larrunin 
receptor Pbxl : pre B-cell leukemia transcription factor 1; Pfc: properdin factor, 
complement; Piral: paired-Ig-like receptor AI; PiraS: paired-Ig-like receptor 



receptor stiperfemily, member la; Tnftsflb: TNF aiperfamily, member lb; 
Tomm70a: translocase of outer mitochondrial membrane 70 (yeast) homolog A; 
Tpi: triosephosnhate isomerase; Trp53: transformation-related protein 53; Ubb: 
ubiquitin B; Usf2: upstream transcription factor 2; Ybxl: Y box transcription 
factor; Ybx3: Y box binding protein; Zfp 11-6: zinc finger protein si 1-6; Zfp I 8: 
zinc finger protein 1 8 homolog; Zfp36: zinc finger protein 36; Zfp 1 62: zinc finger 
protein 162; Zfp2l6: zinc finger protein 216; Zfpml: zinc finger protein, 
multitype 1; Znfhlal : zinc finger protein, subfamily 1A, I (Ikaros); Zyx: zyxin. 
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Bacterial lipopolysaccharide (LPS) evokes several 
functional responses in the neutrophil that contribute 
to innate immunity. Although certain responses, such as 
adhesion and synthesis of tumor necrosis factor-**, are 
inhibited by pretreatment with an inhibitor of p38 mi- 
togen-activated protein kinase, others, such as actin as- 
sembly, are unaffected. The aim of the present study was 
to investigate the changes in neutrophil gene transcrip- 
tion and protein expression following lipopolysaccha- 
ride exposure and to establish their dependence on p38 
signaling. Microarray analysis indicated expression of 
13% of the 7070 Affymetrix gene set in nonstimulated 
neutrophils, and LPS up-regulation of 100 distinct 
genes, including cytokines and chemokines, signaling 
molecules, and regulators of transcription. Proteomic 
analysis yielded a separate list of up-regulated modula- 
tors of inflammation, signaling molecules, and cytoskel- 
etal proteins. Poor concordance between mRNA tran- 
script and protein expression changes was noted. 
Pretreatment with the p38 inhibitor SB203580 attenu- 
ated 23% of LPS-regulated genes and 18% of LPS-regu- 
lated proteins by £:40%. This study indicatejs that p38 
plays a selective role in regulation of neutrophil tran- 
scripts and proteins following lipopolysaccharide expo- 
sure, clarifies that several of the effects of lipopolysac- 
charide are post-transcriptional and post-translational, 
and identifies several proteins not previously reported 
to be involved in the innate immune response. 



Lipopolysaccharide (LPS), 1 a component of the outer cell wall 
of Gram-negative bacteria, evokes a variety of functional re- 
sponses in the human neutrophil (PMN) after binding to a 
plasma membrane receptor complex that involves the Toll-like 



* The costs of publication of this article were defrayed in part by the 
payment of page charges. This article must therefore be hereby marked 
"advertisement" in accordance with 18 U.S.C. Section 1734 solely to 
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1 The abbreviations used are: LPS, lipopolysaccharide; DTT, dithio- 
threitol; IEF, isoelectric focusing; IFN, interferon; IL, interleukin; 
MALDI-TOF, matrix-assisted laser desorption ionization-time of flight; 
MAPK, mitogen-activated protein kinase; NF-kB, nuclear factor- 
kappa B; pi, isoelectric point; PMN, neutrophil (polymorphonuclear 
leukocyte); TLR, Toll-like Receptor; TNF, tumor necrosis factor; 
CHCA, «-cyano-4-hydroxycinnamic acid; AEBSF, 4-(2-aminoethyl- 
)benzenesulfonyl fluoride hydrochloride; MS, mass spectrometry; 
CaM, Ca 2 : /calmodulin; ERK, extracellular signal-regulated kinase; 
E-64, epoxysuccinyl-64. 



receptors (TLRs) (1-5). These "immediate" functional re- 
sponses, including actin assembly, adhesion, activation of nu- 
clear factor-kappa B (NF-kB), and priming for an enhanced 
secretory response and for release of reactive oxygen interme- 
diates, appear to be central both to the innate immune re- 
sponse and to the pathogenesis of several inflammatory human 
diseases, including sepsis and the acute respiratory distress 
syndrome (6). p38 mitogen-activated protein kinase (p38 
MAPK) has been shown to mediate LPS-induced PMN adhe- 
sion, NF-kB activation, and TNF-a and IL-8 translation and 
release (7), and its blockade attenuates LPS-induced PMN 
accumulation in the airspace (8). However, other cascades al- 
most certainly lead to downstream effectors of the LPS signal; 
for example, actin assembly appears to be p38 MAPK-inde- 
pendent (9). An improved understanding of the transcriptional 
and translational responses of the neutrophil to LPS and the 
modulation of these responses by p38 MAPK might carry 
pathogenetic and therapeutic implications. 

Historically, it has been believed that the downstream PMN 
transcriptional response to LPS is static and that PMN func- 
tional responses to LPS that depend on de novo protein syn- 
thesis are primarily limited to the release of cytokines (10). 
However, recent studies indicate a robust transcriptional re- 
sponse (11). To date, most studies have relied upon and re- 
ported a short list of functional assays of the LPS-exposed 
PMN; therefore, no exhaustive investigation of either the tran- 
scriptional response or protein synthetic repertoire of the PMN 
has been reported. Although several techniques have been used 
to evaluate transcripts, the screening of global changes in 
mRNA by microarray analysis has only recently become possi- 
ble. In this way, thousands of genes can be screened in an 
unbiased fashion for transcript abundance. Such genomic 
screens in mammalian cells have previously been applied to 
define altered expression profiles in response to agonists (12) 
and to drug action (13) and during cell cycle progression (14). 

Although DNA microarray technology is expected to provide 
insight into the response of the human PMN to LPS (15), 
inhibition of LPS-stimulated IL-1 and TNF-a production by 
p38 MAPK inhibitors in THP-1 cells (16) and of TNF-a synthe- 
sis in human PMNs (9) occurs at a translational level and 
would therefore not be detected by DNA microarrays. Further- 
more, in other systems, such as yeast and human liver, mRNA 
and protein levels show poor correlation (17, 18). Proteomics is 
a complementary tool for assessing global changes in cellular 
protein expression, thereby providing additional insight into 
cellular signal regulation. A proteomic approach has proven 
useful in different systems for dissecting signal transduction 
cascades and describing their output (19, 20) and has even 
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recently been used to detect novel upstream messengers in- 
volved in LPS signal transduction (21). We have applied DNA 
microarrays and proteomics to define and compare transcrip- 
tional and post-transcriptional alterations in the LPS-exposed 
PMN and to establish the dependence of these alterations on 
p38 MAPK signaling. 

EXPERIMENTAL PROCEDURES 

Materials — Endo toxin-free reagents and plastics were used in all 
experiments. Aprotinin, leupeptin, AEBSF, E-64, peps ta tin, and be sta- 
tin protease inhibitors, spermine HCl, and «-cyano-4rhydroxycinnamic 
acid (CHCA) were all purchased from Sigma Chemical Co. (St. Louis, 
MO). SB203580, a p38 MAPK inhibitor, was purchased from Calbio- 
chem-Novabiochem Corp. (San Diego, CA). For two-dimensional PAGE, 
rehydration buffer, equilibration buffers, vertical electrophoresis solu- 
tions, and 10% homogeneous poly aery I amide slab gels were purchased 
from Genomic Solutions, Inc. (GSI, Ann Arbor, MI). Sequencing grade 
porcine trypsin was purchased from Promega (Madison, WI). 

LPS Incubation — PMNs were isolated by the plasma Percoll method 
(22), a technique that yields less than 5% monocytic contamination, and 
resuspended at a concentration of 15.4 X 10 fl /ml in RPMI 1640 culture 
medium (BioWhit taker, Walkers ville, MD) supplemented with 10 mM 
HEPES (pH 7.6) and 1% heat-inactivated platelet-poor plasma. After 
addition of 10O ng/ml Escherichia coli 0111:B4 LPS (List Biological), 
incubation was carried out with continuous rotation (4 h, 37 °C) both in 
the presence and absence of SB2O3580. Both Affymetrix analysis and 
proteomic analysis utilized 75 X 10 6 cells. For microarray analysis, 
nonstimulated and 4-h-treated PMNs were collected from three sepa- 
rate donors. A more detailed time course following LPS exposure was 
performed using polymerase chain reaction. For proteomic analysis, 
LPS incubations from separate donors (n = 6) were performed and then 
analyzed individually. Control and post-LPS incubation PMNs were 
washed (0.34 M sucrose/1 mM EDTA/10 mM Tris) and then lysed in a 
modified rehydration buffer (GSI, Ann Arbor, MI) supplemented with 2 
M thiourea, 50 mM dithiothreitol (DTT), 22.5 mM spermine HCl, and a 
mixture of six protease inhibitors (10 ^tg/ml aprotinin, 10 jig/ml leupep- 
tin, 2 mM AEBSF, 5 jxM E-64, 1 uM pepstatin, 10 jiM bestatin). DNA was 
pelleted by centrifugation at 250,000 X g for 60 min (23). 

Affymetrix Oligonucleotide Array — Five micrograms of total RNA was 
isolated with TRIzol (Invitrogen) and RNeasy columns (Qiagen) and 
subsequently labeled with bio tin as described by Affymetrix. Briefly, 
first-strand synthesis was accomplished with Superscript II reverse tran- 
scriptase (Invitrogen) using a T7-oligo(dT) a4 primer for 1 h at 42 °C 
followed by second-strand synthesis using E. coli DNA polymerase I and 
RNase H (Invitrogen) at 16 °C for 2 h. Double-stranded DNA was used as 
a template for in vitro transcription with T7 RNA polymerase in the 
presence of biotin-labeled UTP and CTP using the BioArray High Yield 
RNA transcript labeling kit (Enzo). Fifteen micrograms of cRNA was 
fragmented and used for hybridization to Affymetrix HuGene 6800FL 
Genechips. Each sample was hybridized initially using a Test2 Genechip 
to test for sample degradation and full-length in vitro translation. Data 
were analyzed using Affymetrix Genechip software. Results from three 
separate donors were analyzed. 

Reverse Transcription and. Polymeinse Chain Reaction — cDNA was 
prepared by reverse transcription using 2 fxg total RNA, derived from 
20 X 10° cells that were treated as indicated. Polymerase chain reac- 
tions were performed using specific primers for Mx-1, TNF-a, MCP-1, 
p65, S100A4, and glyceraldehyde-3-phosphate dehydrogenase. 

Two-dimensional PAGE — The protein concentration of the lysates 
was measured as described by Bradford et al. (24). Poor isoelectric 
focusing (IEF) results were encountered unless the polycationic sperm- 
ine was diluted (data not shown); therefore, lysates were diluted with 
rehydration buffer (GSI, Ann Arbor, MI) to achieve a final spermine 
concentration of 6 mM. Equal protein loads (1.5 mg) of control and 
LPS-stimulated neutrophils were used to rehydrate IEF gels overnight 
(18 cm, pH 3-10 nonlinear Immobiline DryStrip IEF gels, Amersham 
Biosciences; Piscataway, NJ). IEF was performed at 20 *C to 100-kVh 
(Phaser, GSI) under mineral oil, followed by two 10-min SDS equilibra- 
tion steps (DTT and then iodoacetamide-containing equilibration buff- 
ers, GSI) and then by vertical electrophoresis on 10% homogeneous 
polyacrylamide slab gels (GSI) at 500 V. Protein spots were visualized 
by agitation in colloidal Coomassie Brilliant Blue G-250 (16 h) (25), 
followed by destaining in deionized water (20 h). In separate experi- 
ments, control and LPS-stimulated PMN lysates from three donors 
were pooled and then analyzed by two-dimensional PAGE using over- 
lapping narrow isoelectric point (pi) ranges (18 cm, pH 5.0-6.0, 5.5- 



6.7, and 6-11, Amersham Biosciences, Piscataway, NJ). Identical IEF 
and vertical electrophoresis parameters were used for all gels. 

Image Analysis of Two-dimensional Gels — Colloidal Coomassie- 
stained gels were digitized using a Powerlook II (UMAX Data Systems, 
Inc., Taiwan) flatbed scanner with 8-bit dynamic range and 150-dpi 
resolution. Bio I mage (GSI, Ann Arbor, MI) 2D-Analyzer software was 
used to locate, quantitate, and match protein spots on the control and 
LPS gel images. Analysis was performed by assigning 50 common 
anchor spots between paired images; the remaining spots were com- 
pared by a constellation-matching algorithm. All data were then care- 
fully reviewed by the operator to account for any discrepancies. Protein 
loading between control and experimental gels may have varied be- 
cause of inconsistencies in rehydration of the different IEF gel strips; 
therefore, gel images were normalized so that the sum of the integrated 
intensities of all matched spots on paired gels was made equal. Control 
and LPS-stimulated gel images from individual donor experiments 
were matched to generate composite images; composite images were 
then matched into a master composite image to track the LPS response 
of protein spots among different donors (26). Only those spots that were 
common (image-matched) to all original 12 (pH 3.0-10.0) gels were 
considered for further analysis. For these spots, the LPS-induced 
change in integrated intensity in the six experiments was subjected to 
statistical analysis with a two-tailed Student's t test, and those spots 
withp < 0.05 were identified by peptide mass fingerprinting (described 
below). For the narrow range (pH 5.0-6.0, 5.5-6.7, and 6-11) two- 
dimensional PAGE experiments using pooled donors, only those spots 
with concordant regulation exceeding 1.5-fold or that appeared de novo 
in the LPS gel in two repeat experiments were further analyzed. 

In-gel Tryptic Digestion — In-gel digestion of protein spots was per- 
formed with sequencing grade porcine-modified trypsin using the 
method of Hellman et al. (27). Tryptic peptides were then extracted (50 
{j\ of 50% acetonitrile/5% trifluoroacetic acid, 2 h), and the supernatant 
was taken to dryness in a vacuum centrifuge and then redissolved in 
trifluoroacetic acid (20 ul, 0.5%). Peptides were then purified and con- 
centrated using ZipTip cie pipette tips (Millipore, Bedford, MA). 

MALDI-TOF Mass Spcctromet?y — Analyses were performed on an 
Applied Biosystems matrix-assisted laser desorption ionization time-of- 
flight (MALDI-TOF) Voyager-DE PRO mass spectrometer (Framing- 
ham, MA) operated in delayed extraction mode. Samples (0.5 /xl) were 
spotted onto a sample plate to which matrix (0.5 jx\ of 10 mg/ml CHCA) 
was added. The sample-matrix mixture was dried at room temperature 
and then analyzed in reflector mode. CHCA was also spotted alone as a 
negative control. Spectra were the sum of 100 laser shots, and those 
peaks with a signal-to-noise ratio of greater than 3:1 were selected for 
data base searching. Spectra were internally calibrated using autolytic 
trypsin peptides (m/z 842.51, 2211.10). 

Data Base Searching Algorithm — The monoiso topic masses for each 
protonated peptide were: (a) entered into the program MS-Fit (available 
at prospector.ucsf.edu) for searches against the Swiss- Prot, NCBI, 
and GenPept databases, and (6) entered into Mascot (available at 
matrixscience.com), an algorithm testing statistical significance of pep- 
tide mass fingerprinting identifications. For MS-Fit searches, masses 
derived from trypsin, CHCA, keratin, and Coomassie Brilliant Blue 
G-250 were excluded. Search parameters included a maximum allowed 
peptide mass error of 0.1 Da (0.8 Da in the few instances in which linear 
mode was used), consideration of one incomplete cleavage per peptide, 
pi range of 3.0-10.0, and molecular mass range of 1-200 kDa. Accepted 
modifications included carbarn idomethylation of cysteine residues 
(from iodoacetamide exposure following IEF) (28) and methionine oxi- 
dation, a common modification occurring during SDS -PAGE (29). Pro- 
tein identifications were assigned when three criteria were met: 1) 
statistical significance (p < 0.05) of the match when tested by Mascot 
(matrixscience.com); 2) >20% sequence coverage by the tryptic pep- 
tides; and 3) concordance (±15%) with the molecular weight and pi of 
the parent two-dimensional PAGE protein spot. The following special 
exceptions were considered: (a) protein identifications not fulfilling 
criterion 2 were still assigned if criteria 1 and 3 were fulfilled and no 
other Homo sapiens proteins with peptide mass-matched p values < 
0.05 were identified by Mascot; (b) if criterion 3 was not fulfilled (lower 
than expected molecular weight), a cleavage product of the identified 
protein was inferred, and the cumulative molecular weight of the tryptic 
peptides was compared with that of the two-dimensional- PAGE spot to 
ensure that it was not exceeded; (c) if criterion 3 was not fulfilled (isolated 
discordance between theoretical and observed pi), post-translational mod- 
ification of an unrecovered peptide was inferred; and (d) if two or more H. 
sapiens protein assignments with >4 mutually exclusive matching pep- 
tides were identified, a protein mixture in the two-dimensional PAGE 
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spot was inferred and further analysis halted (quantitative conclusions 
regarding the individual protein constituents could not be drawn). 

RESULTS 

Genes Differentially Expressed in LPS-stimulaied Neutro- 
phils — Human PMNs were left untreated or incubated in the 
presence of 100 ng/ml LPS for 4 h. As a control to confirm that 
the PMNs were quiescent at baseline and ^hat LPS resulted in 
normal stimulation, mRNA was isolated, cDNA was prepared, 
and PCR for TNF-o- was performed. Little TNF-a expression 
was seen in nonstimulated cells, whereas LPS treatment led to 
an increase in expression in each of the donors subsequently 
used for microarray analysis (data not shown). No macrophage- 
colony stimulating factor receptor transcript was detected by 
oligonucleotide microarray analysis, confirming there was no 
significant monocytic contamination. 

Human PMNs express a limited repertoire of mRNA tran- 
scripts at baseline but respond to LPS with differential expres- 
sion of genes in many families. Considering only those genes 
present by microarray analysis in all three donors, unstimu- 
lated PMNs expressed 13.0% (923 of 7070 genes) of the Af- 
fymetrix gene set. Gene classes represented at baseline include 
metabolic enzymes, structural proteins, receptors, signaling 
proteins, and transcription factors. By comparison, human 
monocytes expressed —40% and human fibroblasts ~35% of the 
represented genes (data not shown). By the criterion of a >3- 
fold increase in expression in all three donors on Affymetrix 
oligonucleotide array analysis, exposure of PMNs to LPS for4h 
resulted in the up-regulation of 100 genes (Table I). 

Genes from several different functional classes were induced 
in PMNs following LPS exposure. Of interest, a number of 
transcriptional regulators were induced, including transcrip- 
tion factors of the NF-icB family. The transcriptional NF-kB 
complex has previously been implicated in the regulation of the 
genes induced by LPS (11). The genes for several cytokines and 
chemokines were also found to be up-regulated. These include 
TNF-a, IL-lfi t IL-6, MCP-1, MIP-3a, and MIP-1& (Table I). 
PCR was performed to confirm the results from the microarray 
analysis. PCR analysis on selected genes indicates that the 
time course for changes can be rapid or delayed but parallel the 
changes found in the array at the 4-h time point (data not 
shown). Other up-regulated genes included those for metabolic 
enzymes, immune response molecules, kinases, phosphatases, 
signaling molecules, adhesion and cytoskeletal components, 
interferon-stimulated genes, and those with unknown or mis- 
cellaneous function (Table I). 

LPS stimulation of PMN also resulted in the down-regula- 
tion of 56 genes (Table II). Down-regulated genes were identi- 
fied as transcriptional regulators, protein and lipid kinases and 
phosphatases, structural molecules, and signaling molecules. 
Genes for metabolic proteins were also evident, as were several 
uncharacterized genes. 

Two-dimensional PAGE and Image Analysis — In contrast to 
the limited number of transcripts found at baseline, PMNs 
were found to express a large number and variety of proteins in 
the nonstimulated state (Fig. 1, A and C, and Tables M-V). 
Reproducible protein expression patterns were found on the pH 
3.0-10.0 gels, and the majority of proteins fell in the pH 5.0- 
7.0 range (Fig. LA). The basic region (pH > 7.0) consistently 
exhibited poor resolution, precluding meaningful image analy- 
sis and further workup (data not shown). Depending on the 
spot-finding parameters (minimum spot intensity, filter width) 
selected on the image analysis software, spot-by-spot manual 
editing was found to be necessary to avoid over- and underde- 
tected spots; moreover, further manual editing was performed 
to screen for unmatched and mismatched spots following 
matching of paired control and LPS-stimulated gels. After spot 
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editing, —1200 well-resolved spots were evident on each pH 
3.0-10.0 gel. In an attempt to improve resolution of the pi 
range bearing the greatest number of well-resolved spots, over- 
lapping narrow pH range gels (pH 5.0-6.0, 5.5-6.7, 6-11) were 
also run. Of interest, a similar number of well-resolved spots 
(—1200) were detected on the narrow pH range gels (Fig. 1, C 
and D). Assuming a detection limit for Coomassie of 15 ng (0.25 
pmol, or 1.5 X 10 11 molecules, for a 60-kDa protein) and a 
protein load per gel corresponding to 75 X 10 6 PMNs, we 
estimate a detection limit on our gels of 2000 molecules/cell for 
a 60-kDa protein. As investigators have suggested in other cell 
lines with the use of high resolution two-dimensional-PAGE 
methods (30), we estimate that > 10,000 proteins are expressed 
in the resting PMN. 

Human PMNs respond to LPS with the differential expres- 
sion of a large number of proteins. In the six individual pH 
3.0-10.0 experiments, the number of protein spots that in- 
creased in integrated intensity by at least 50% following LPS 
exposure was 185, 122, 104, 104, 96, and 131, respectively. The 
number of protein spots that decreased by at least 50% follow- 
ing LPS exposure was 72, 151, 102, 98, 128, and 97, respec- 
tively. Although gel-to-gel regional variability in resolution was 
expected to account for individual spots not being well visual- 
ized on particular gels, only those spots that were matched to 
all 12 original gels were analyzed further. Overall, the number 
of spots matched to all 12 original gels was 125. The numbers 
of spots that were both matched to all 12 original gels and that 
increased by at least 50% in integrated intensity in the indi- 
vidual experiments following LPS exposure were 46, 13, 17, 27, 
22, and 20, respectively. The numbers of spots that were 
matched to all 12 gels and that decreased by at least 50% were 
6, 22, 17, 22, 34, and 28, respectively. The LPS-induced change 
in integrated intensity of the 125 spots that were matched to all 
12 original gels was subjected to statistical analysis with a 
two-tailed Student's t test, and those spots with statistically 
significant (p < 0.05) regulation among the six experiments 
were identified by peptide mass fingerprinting (Table in). 

Identification of LPS -regulated Proteins — Several proteins 
were consistently up-regulated on the pH 3.0-10.0 gels (Table 
HI), including regulators of inflammation (annexin III) and 
signaling molecules (Rab-GDP dissociation inhibitor fi). Sev- 
eral actin fragments were seen to be consistently up-regulated 
in the six experiments following LPS exposure (Table III). Of 
interest, the proteasome 0 chain was also consistently up- 
regulated. Down-regulated proteins included other signaling 
molecules, such as Rho GTPase activating protein 1. 

On the pH 5.0-6.0 and 5.5-6.7 gels, several proteins were 
found to show increases of greater than 1.5-fold following LPS 
exposure (Tables IV and V), including cytoskeletal proteins, 
such as moesin, nonmuscle myosin heavy chain, and a putative 
phosphorylated form of nonmuscle myosin heavy chain, and 
signaling molecules, such as protein phosphatase 1 and P0 4 - 
stathmin. The putative phosphorylated form of nonmuscle my- 
osin heavy chain (spot #1101) was positioned 0.03 pH unit more 
acidic than the unmodified protein (spot #J 102) (Fig. ID) and 
was distinguished by a tryptic peptide (mJz 1366.74) not pres- 
ent in the unmodified protein, consistent with phosphorylation 
of serine 685. Serine 685 is predicted by NetPhos 2.0 Prediction 
Server (available at www.cbs.dtu.dk/services/NetPhos/(31)) to 
be a high probability phosphorylation residue and by Scan- 
Prosite (www.expasy.ch/tools/scnpsite.html) to be a substrate 
for protein kinase C. The tryptic phosphopeptide identified in 
P0 4 -stathmin, extending from residues 15 to 27 (1468.7 Da), is 
consistent with phosphorylation of either serine 16, a known 
substrate for Ca 2 ' /calmodulin (CaM)-dependent kinases (32), 
or serine 25, a known substrate for p38£ and ERK (Fig. 2A) 
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Table I 



Human neutrophil genes induced aftt 


ir 4 h of LPS exposure 




Description 


Gen Bank™ no. 


C hfl ngc-fo 1 d 


Transcriptional regulation 






Pleiomorpkic adenoma gene-like 2 


D83784 


16.8 


NFKB2 


S76638 


12.3 


NFKBIE 


U91616 


11.5 


p65 


L19067 


8.4 


BCL3 


UUobol 


7.7 


X-box binding protein 1 


M31627 


7.5 


Metal-regulatory transcription factor 1 


X78710 


7.4 


Ets-2 


J04102 


7.4 


c-Rel 


X76042 


6.2 


NFKBl 


M58603 


5.8 


Basic leucine zipper ttxinscription factor, ATF-like 


U15460 


4.7 


1KB 


M69043 


3.8 


K/fA Y rlimj>pimtion. nrtttein. 


L06895 


3.6 


DIF2 


S81914 


3.1 


Cytokines and receptors 






MCP-1 


M69203 


78.7 


MIP-10 


M72885 


48.8 


aHelix coiled-coil rod homolog 


AFO 14958 


20.8 


IL-lji 


X04500 


17.6 


GRG3 (hetn) 


M57731 


17.3 


TNF-a 


X02910 


14.5 


MIP~3a 


U64197 


8.1 


IT 101RA 


U00672 


7.3 


IL-6 


Y00081 


6.3 


KitiKja 




A 

*± 


myi i h 




f 4 H 

O.O 


Immune response 






Oroso tti uco id 


X02544 


20 2 


\_/UIli|JJ,CllLClLI( iAJILlJJUlLdLl< \jxJ 


K02765 


12.8 


Protease inhibitor 9 


U7 1364 


9.5 




U28488 


6.1 


Protease inhibitor 3 


L10343 


4.9 


SLP//antileukopro tease 


X04470 


4.7 


CrZ-A/V/iz/elastase inhibitor 


myoUoo 


4.6 


CD58 


YUUodo 


3.8 


Complement component WC 


MooooZ 


3.5 


Kinases 






r , \TL r i cArc /or f 
O/v A / r /V./C / rLk\.-luie 


T T£CQQ(t 
U0Di7l7O 


ICO 


Cot 


D 14497 


11.9 


Pirn- 2 


U77735 


9.5 


LIMK2 


D45906 


4.3 


Phosphatases 




< 


PAC-1/DUSP2 


L11329 


11.8 


TiTTODC 

uUoro 


T Tl CQQO 


o.o 


PHA1 


T T*7 O A in 

U7o477 


3.4 


RipTialinir molppiilpQ 






TNFAJP1/A20 


M59465 


10 


TRAFl 


U19261 


6.2 


RanBP2 


D42063 


5.6 


GNA15 


M63904 


5.2 


PTAFR 


D10202 


3^9 


Adhesion and cytoskeleton 






ICAM1 


M24283 


22.4 


CEACAMl (bilary glycoprotein) 


X16354 . 


6.3 


LIMS1 


U09284 


6.1 


SWL/actin bundling protein 


U03057 


5.9 


Galectin-1 ILGALS1 


M57710 


4.7 


MEMD/ALCAM 


U30999 


4.2 


CD44 


HG2981 — HT3125 


3.9 


TSG-6 


M31165 


3.7 


Metabolic 






GTP cyclohydrolase I 


U19523 


13.5 


N2)C/FV2/ubiquinone reductase 


MZZooo 


o.o 


PSMA6f( pro teosome iota) 


X59417 


8.4 


UDP-galactose transporter (SLC35A2) 


D84454 


7.3 


PLAU (urokinase) 


X02419 


6.4 


/£Y7W/Lrkynurenine hydrolase 


U57721 


5.5 


AMPD3 


D12776 


5 


P4HAlloro\y\ 4-hydroxylase 


M24486 


4.7 


v Glutamylcysteine synthetase 


L35546 


4.5 


ATP6D 


J05682 


4.2 


ATP6S1 


D16469 


4 
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Tabu; I — continued 




Description Gen Bank™ no. Change-fold 



Glycerol kinase X68285 3.6 

FACL1 L09229 3.5 

AK3 X60673 3.3 

Interferon-inducible 

ISG15 M13755 22.5 

Mxl • M33882 19.4 

IFI56 M24594 12.1 

INDO M34455 5.2 

GBPI M55542 4.3 

PRKR U50648 3.7 

IFIT4 U52513 3.6 

IFI54 M14660 3.5 

IFIS8 U34605 3.5 

IFP35 U72882 3 



Other 
Gos2 

MIHC/IAPl 

KIAA0105 

KIAA0118 

SNAP23 

CASP5 

KIAA0113 

KIAA0255 

Hepatoma-derived GF 

PTGS2 

CD48 , 

UNCI 19 homolog 

KIAA0151 

Rob lb 

Annexin VII ( 

KIAA0110 

Adrenomedullin 

AIM1 

KIAA0250 

P5-1 

Scavenger receptor expressed by endothelial cells 
VHL 



M72885 48.8 

U37546 7.2 

D14661 5.1 

D42087 5 

U55936 5 

U28015 4.8. 

D30755 4.8 

D87444 4.7 

D16431 4.7 

D28235 4.6 

M37766 4.3 

U40998 4.2 

D63485 3.9 

XM035660 3.8 

J04543 3.7 

D14811 3.7 

D14874 3.7 
U83115 . 3.6 

D87437 3.2 

L06175 3.2 

D63483 3.2 

L15409 3.1 



(33). Assuming that no other multiply phosphorylated stath- 
min species had escaped detection, analysis of the integrated 
intensities of the P0 4 -stathmin and stathmin spots indicates 
that the percentage of the P0 4 form of total cellular stathmin 
increased from 11% to 38% with LPS stimulation (Fig. 2B). 
This is similar to a previous report of an increase from <10% to 
35-40% of the Ser^-phosphorylated form in Jurkat cells stim- 
ulated with anti-CD3 (34). 

Effect of SB203580 on LPS -stimulated Gene Expression- 
Gene expression analysis of PMNs stimulated with LPS indi- 
cated that the majority of genes induced by LPS were unaf- 
fected by prior treatment of PMN with SB203580. Of the 100 
genes up-regulated by LPS, the up-regulation of 23 was inhib- 
ited by greater than 40% (Table VI). The majority of these 
genes affected by SB203580 were inhibited by less than 60%, 
whereas only six were inhibited by greater than 80%, all of 
which represent previously identified interferon-stimulated 
genes. Induction of cytokine genes by LPS, with the exception 
of IL-6, was generally unaffected by SB203580. 

Effect ofSB203580 on LPS -stimulated Protein Expression— 
Similar to the effect of SB203580 on LPS-stimulated gene 
expression, little effect of SB203580 was seen on expression 
levels for the majority of LPS-regulated proteins (Table VII). 
Two exceptions are annexin HI and a-enolase, for which LPS- 
stimulated expression was attenuated in the presence of the 
p38 MAPK inhibitor. 

Comparison of Microarray and Proteomics Results — Of the 
LPS-regulated proteins identified by peptide mass fingerprint- 
ing for which probes were present on the oligonucleotide mi- 
croarray, poor concordance was found at the mRNA level (Table 
VIII). For 13 LPS-up-regulated proteins, 2 corresponding 



mRNA transcripts were up-regulated, 1 was down-regulated, 5 
were unchanged, and 5 were not detected by the Asymetrix 
chip. For 5 down-regulated proteins, 3 corresponding tran- 
scripts were down-regulated, 1 was unchanged, and 1 was not 
detected. Varying patterns of LPS regulation emerge for those 
candidates detected at both the transcript and protein level. 
Proteasome chain was up-regulated at both the transcript 
and protein levels (Table VIII), with no notable effect of 
SB203580 on expression at either level. Similarly, CAP1, Rho- 
GAP1, and ficolin 1 were down-regulated at both the mRNA 
transcript and protein level (Table VIII), with no notable effect 
of SB203580. Annexin HI was down-regulated at the transcript 
level and up- regulated at the protein level, with an inhibitory 
effect of SB203580 seen only at the protein level (Tables VII 
and VIII). 

DISCUSSION 

Interaction of bacterial LPS with the human PMN repre- 
sents a model system for studying the activation and output of 
the innate immune system during infection and inflammation. 
A recent publication (35) describes the gene expression changes 
of a cultured monocytic cell line after infection by the Gram- 
positive bacterium Listeria monocytogenes. The cell wall com- 
ponents of Gram-positive bacteria, like Gram-negative-derived 
LPS (i.e. from E. coli), are known to signal through TLRs (36, 
37). Importantly, many of the expression changes found in 
LPS-stimulated PMNs in the present study were also described 
in the bacteria-exposed monocytic cells, indicating that many of 
the gene expression changes seen in bacterial infection are 
likely mediated by TLRs (38, 39) and that the LPS model 
system accurately reflects exposure of immune cells to infec- 



31296 LPS-activated Neutrophils: Microarrays and Proteomics 



Table II 

Human neutrophil genes repressed (> 4-fold) after 4 hof LPS exposure 



Description GenBank™ no. Change 



Kinases 
CAMK, II, gamma 
Diacylglycerol kinase, delta 
PRKCL2/PRK2 protein kinase C-like 2 
MAPKAPK3 

Protein kinase Ht31, cAMP-dependent 
CAMK II 

Transporters 
SLC25A5/solute carrier family 25, member 5 
SLCI9A1; folate transporter 
SLC2A3; facilitated glucose transporter 

Metabolic 
Carbonic anhydrase TV 
RNa&e A family, k6 
Glycogen phosphorylase; liver 
Inositol polyphosphate-5-phosphatase 
Inositol 1,3,4-trisphosphate 5/6-kinase 
Transketolase 

Protein phosphatase 4, reg. subunit 1 (clone 23840) 

Cytidine deaminase 

MGAT1 

HMOX1 

MAN2A2 

Glycogenin (also represents U31525) 

Structural 
Fibrinogen-like protein (pT49 protein) 
H2AFZ 
PaxUlin 
Lamin B R 
Dynamin 2 
Actinin 1 
a-Tubulin 

Tubulin, «/, isoform 44 

Transcriptional regulators 
Lymphoblastic leuJiemia-derived sequence 1 
MAX-interacting protein I 
Nuclear factor ciythroid 2 isoform f 
Transducer ofERBB2, I 
NFATC4 

ATF-2 (CRE-Bpa) 

Receptors 
Lymphotoxin fi receptor 
Folate receptor 3 (gamma) 



Signaling 
Pix-it; cool-2 (FOAA0006) 
ARHB/RhoB 
TNFSF10; TRAIL 

Ca 2: binding 
ANXII 
S100A4 
ANXl 

Other 
Proteolipid protein 2 

Pi-otein phosphatase I, a catalytic subunit 

TIMP2 

KIAA0199 

Lipin 2 (KIAA0249) 

LRMPiJawl) 

CUGBP2 

Clone 23933 

PECAM1 

Delta sleep-inducing peptide 

DiGeorge synd. critical region gene 2 (KIAAO 163) 

SELPLG; CD162; selectin P ligand 



-fold 



U50360 


-4 


D63479 


-4.2 


U33052 


-4.3 


U09578 


-6.3 


HG2167-HT2237 


-8 


L07044 


-9.8 


J02683 


-4.2 


U17566 


-4.4 


M20681 


-5 


L10955 


-4.4 


U64998 


-4.5 


M14636 


-4.6 


U57650 


• 4.6 


U61336 


-4.7 


L12711 


-4.8 


U79267 


-4.9 


L27943 


-5.4 


M55621 


-5.4 


X06985 


-5.4 


L28821 


-5.8 


HG4334-HT4604 


-5.9 


Z36531 


-4.2 


M37583 


-4.7 


U14588 


~4.9 


L26931 


-5.9 


L36983 


6.2 


M95178 


~6.7 


X01703 


- 10 


HG2259-HT23 48 


- 15 


M22638 


-4.4 


L07648 


4.5 


S77763 


—6 


D38305 


—6.9 


L41067 


-7.8 


LriJUU 11) 


3.0 


L04270 


4.4 


U08471 


-5 


U11875 


.-5.3 


D25304 


-4.5 


M12174 


-4.5 


U37518 


6.6 


L19605 


•4.3 


M80563 


-4.8 


X05908 


-4.8 


L09604 


-4.9 


HG1614-HT1614 


-5 


M32304 


-5.1 


D83782 


-5.2 


D87436 


-5.6 


U10485 


-5.8 


U69546 


6.9 


U79273 


-7 


L34657 


-8 


Z50781 


-8.7 


D79985 


9 


U25956 


-32 



tion. Nevertheless, the reliance upon DNA microarrays alone 
affords insight only into the transcriptional response without 
corroboration at the protein level. In the present study, appli- 



cation of both DNA micro array and proteomics technology to 
our model system provides unique insight into both the cellular 
biology of the activated PMN and the responsiveness and reg- 
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Fig. 1. Two-dimensional PAGE! of LPS-exposed human PMNs. 

A and B, colloidal Coomassie Blue-stained pH 3.0-10.0, two-dimen- 
sional PAGE gels (A, control; B, LPS-exposed) with up-regulated {solid 
arrows) and down-regulated {hatched anvws) proteins indicated. These 
results are representative of six separate experiments. C and/), colloi- 
dal Coomassie Blue-stained pH 5.0-6.0, two-dimensional PAGE gels 
(C, control; D, LPS-exposed) with up-regulated {solid arrows), new 
{solid arrow, open arrowhead), and down-regulated {hatched arrows) 
proteins indicated. LPS-exposed PMNs from three blood donors were 
pooled. 

ulation of its transcriptional and translational machinery. As 
will be discussed below, our study identifies, in particular, 
novel aspects of the LPS-stimulated PMN transcriptional reg- 
ulation, activity in the innate immune response, signaling, 
cytoskeletal reorganization, and priming for granule release. 

In the present study, the increase in NF-kB transcript abun- 
dance (Table I) detected by the microarrays corroborates the 
findings of other studies of PMNs and monocytes (40) and 
indicates a mechanism for the responsiveness and scope of the 
PMN transcriptional machinery following LPS exposure. NF- 
kB, recently described to be activated by LPS through the 
TLR/MyD88/interleukin-l receptor-associated kinase pathway 
(1, 4), is the only transcriptional complex reported to be in- 
duced by LPS in the PMN. However, because the transcrip- 
tional NF-kB complex has been implicated in the regulation of 
only a portion of the genes induced by LPS in this study (data 
not shown), the importance of alternative transcriptional reg- 
ulators in the PMN is clear. Of interest, several other known 
and putative transcriptional regulators with less well defined 
functions were also up-regulated in the present study, includ- 
ing PLAGL2, a putative zinc- finger protein, XBP-1, MTF-1, 
Ets-2, B-ATF, and DJF-2. On the other hand, LPS-down-regu- 
lated genes include ATF-2 (a known target of p38), NFATC4, 
TOB-1, NF-E2, MXI'l, and LYL-1. Although the exact role of 
these gene products in regulating cell function is unknown, 
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these data indicate that the range of transcriptional responses 
in the LPS-stimulated PMN is much broader than previously 
suggested and that the signaling capabilities of the PMN in the 
immune response are thereby likely extended in scope and 
specificity. 

As expected from the literature, the genes for several cyto- 
kines andchemokines, including IL- 20, IL-6 t and MTP- 7/3, were 
found to be up-regulated (Table I). On the other hand, the 
notable absence of up-regulated cytokines in the proteomics 
experiments reflects their removal in the post-LPS incubation 
wash performed prior to lysis for two-dimensional-PAGE. Up- 
regulation of these inflammatory mediators is well documented 
in PMNs exposed to LPS and in animal models of LPS-induced 
sepsis syndrome and acute respiratory distress syndrome, a 
PMN-mediated illness (41, 42). Several genes in this family 
were up-regulated that have not, to our knowledge, been de- 
scribed in LPS-stimulated cells, including MCP-1, GR03, 
IL-10RA, and HM74, an orphan G protein-coupled receptor 
with homology to chemokine receptors. The down- regulation of 
TNFSF10, lymphotoodn b receptor, and TNFAIP1 were also 
observed. The modulation of genes involved in cytokine signal- 
ing, including the adapter molecules TRAFl (LPS and TNF 
receptor signaling) and TNFAIP1 (TNF receptor signaling) and 
several kinases and phosphatases, may indicate a change in 
cytokine responsiveness after LPS treatment. Relevant in this 
regard from the proteomics data are: 1) the up-regulation of 
protein phosphatase 1, which has been shown to regulate PMN 
NADPH oxidase activation and translocation (43, 44) and to 
regulate LPS-iriduced NF-kB activation (45); 2) the down-reg- 
ulation of Rho-GAPl, which has been shown to regulate 
NADPH oxidase activity in the PMN (46); and 3) the up- 
regulation of P0 4 -stathmin (Table IV), a phosphoprotein pos- 
tulated to function as a relayer and integrator of multiple 
signal transduction pathways (34). Several noncytokine, 
nonchemokine genes involved in the immune response were 
also up-regulated, including the complement pathway mem- 
bers C3, C3AR1, and PFC; the protease inhibitors ELANH2 
(elastase inhibitor), SLPI, PI-3, and PI-9\ and the acute phase 
protein orosomucoid. LPS regulation of C3AR1 and orosomu- 
coid expression have not previously been reported. In the pro- 
teomics experiments, the down-regulation of ficolin-1 (Table III), 
a collectin-like cell surface protein reported to activate the com- 
plement system and to mediate adhesion and phagocytosis in 
monocytes but not previously reported in granulocytes (47), may 
represent negative modulation of the innate immune response. 
The finding that genes other than cytokines and chemokines are 
regulated by the PMN in response to LPS indicates that the PMN 
plays a more sophisticated role in host-defense and immunity 
than previously thought. 

Treatment of the PMN with LPS lead to the induction of a set 
of genes associated with the anti-viral Type I interferons, 
IFN«//3. This induction occurs independently of the release of 
IFN or another unidentified soluble factor. 2 Furthermore, the 
set of genes expressed is smaller than that induced by IFNo/ft 
as described by Der et al. (12). This may be due to differences in 
the scope of the signaling systems activated by LPS and 
IFNa//3, or the time course of analysis of genes in the LPS- 
stimulated PMN. The implication that LPS treatment of PMN 
allows PMN to express an ti -viral activity is currently being 
tested. Of interest was the finding that induction of interferon- 
stimulated genes was blocked by pre treatment of PMNs with 
SB203580. Work from our laboratory has indicated that signal 
transducers and activators of transcription activation does not 
occur in response to LPS in PMNs. 2 In addition, interferon- 



2 K. C. Malcolm and G. S. Worthen, manuscript in preparation. 
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Table III 

Analysis ofpH 3.0-10.0 two-dimensional PAGE gels 



Mean change(-fold) in expression level among six PMN donors is reported. The change in expression for the proteins listed was statistically 
significant (p < 0.05) as measured by a two-tailed Student's f test. 



Identification [spot no.} 


Swiss-Prot no. 


Estimated 


Theoretical 


Peptides matched/ 
submitted 


Protein 
covered 


Mean 
change 










% 


% 


•fold 


Up-regulated. 














Proteasome £ chain [646 1 


P28070 


27/5.7 


29.2/5.72 


9/12 (75%) 


36% 


1.51 


Annexin III [550] 


P12429 


31/5.7 


36.4/5.6 


14/18 (78%) 


42% 


1.37 


Ac tin fragment [5441° 


P02570 


32/5.5 


(41.7/5.29) 


13/15 (87%) 


(34%) 


1.74 


Actin fivgment [591]° 


P02570 


30/5.4 


(41.7/5.29) 


14/18(78%) 


(29%) 


1.60 


cr-Enolase [380] 


P06733 


41/6.7 


47.2/7.01 


9/10 (90%) 


24% 


1.65 


Rab-GDP dissociation inhibitor 0 [289] 


P50395 


50/6.1 


60.7/6.11 


10/11(91%) 


25% 


1.24 


Glutathione S-transferase P [6481 


P09211 


23/5.5 


23.4/5.43 


6/8 (75%) 


41% 


1.54 


Pre-B-cell colony enhancing factor (1 152] 


P43490 


53/7.0 


55.5/6.69 


12/16(75%) 


25% 


1.29 


Down-regulated 














Adenylyl cyclase-associated protein 1 [2 56 1 


Q01518 


55/7.3 


51.7/8.07 


16/22 (73%) 


34% 


0.53 


Rho-GAPl [283] 


Q07960 


50/5.8 


50.4/5.85 


7/9 (78%) 


22% 


0.67 


Picolin 1 [5111 


000602 


33/6.5 


35/6.39 


10/12 (83%) 


25% 


0.74 



a The theoretical pi and M H of native actin are indicated. Protein coverage indicates coverage of native actin. . 



Table IV 

Analysis ofpH 5.0-6.0 two-dimensional PAGE gels 



Results are from pooled samples for control (n— 3) and LPS-exposed (n ~ 3) PMNs from human donors. Expression of the reported proteins was 
altered > 1.5-fold following LPS exposure in two repeat experiments. "New" designates proteins seen in the LPS gel in two repeat experiments but 
not detectable in the corresponding control gels. 



Identification [spot no.l 


Swiss-Prot 
no. 


Estimated 
M R /pI 


Theoretical 
Mr/pI 


Peptides matched/ 
submitted 


Protein 
covered 


Change 










% 


% 


-fold 


Up-regulated 














Protein- tyrosine kinase 9-like [468] 


Q9Y3P5° 


34/5.81 


39.5/6.37 


10/14 (71%) 


34% 


1.8 


Protein phosphatase 1, catalytic subunit, 0 isoform 


P37140 


38/5.73 


37.2/5.84 


7/10 (70%) 


22% 


2.0 


[3781 














P0 4 -stathmin [577] 


Pl6949 h 


18/5.36 


17.3/5.76 


9/12 (75%) 


42% 


2.1* 


Nonmuscle myosin heavy chain [1102] 


189036" 


145/5.32 


145/5.23 


20/21(95%) 


17% 


New 


Putative P0 4 -nonmuscle myosin heavy chain [11011*' 


189036 v 


145/5.29 


145/5.23 


14/16(87%) 


13% 


New 


Leukocyte elastase inhibitor {3181 


P30740 


42/5.71 


42.7/5.9 


9/13(69%) 


22% 


2.4 


Grancalcin [1004] 


P28676 


24/5.36 


24.0/5.02 


7/10(70%) 


31% 


New 


Down-regulated 














Adenosylhomocysteinase [324] 


. P23526 


48/5.82 


47.7/6.04 


7/9 (78%) 


14% 


0.4 


PEST phosphatase interacting protein homolog [234P 


4100162' 


48/5.30 


47.6/5.35 


11/13(85%) 


30% 


0.5 



° TrEMBL accession number. 

h Accession number and theoretical pi and Af R for the unmodified protein are indicated. 
c ATCBI accession number. 
d See text for explanation. 

c Among three experiments, the ratio of P0 4 -stathmin expression increase, following LPS exposure in the presence of SB203580 divided by that 
in the absence of SB203580, was 0.93. 
'Genpept accession number. 

* This search was performed using average masses measured by linear mode MALDI-TOF MS. 

Table V 

Analysis of pH 5.5-6.7 two-dimensional PAGE gels 
Results are from pooled samples for control (n ~ 3) and LPS-exposed (n ~ 3) PMNs from human donors. Expression of the reported proteins was 
altered > 1.5-fold following LPS exposure in two repeat experiments. 



Identification [spot no.] 


Swiss-Prot 
no. 


Estimated 
M R /pl 


Theoretical 
M R /pI 


Peptides matched/ 
submitted 


Protein 
covered 


Change 










% 


% 


-fold 


Up-regulated 














Transaldolase [475] 


P37837 


38/5.95 


37.5/6.36 


13/17(76%) 


33% 


2.5 


Isocitrate dehydrogenase (431] 


075874 


46/6.25 


46.7/6.35 


7/7 (100%) 


13% 


2.3 


Moesin [2011 


P26038 


61/6.09 


67.8/6.07 


11/13(85%) 


17% 


2.1 


«-Enolase [459] 


P06733 


43/5.64 


47.2/7.01 


7/10 (70%) 


17% 


3.8 


Down-regulated 














Calponin H2 [240] 


Q99439 


34/6.65 


33.7/6.94 


10/11(90%) 


27% 


0.5 



regulatory factor 3, a known regulator of interferon-stimulated 
gene transcription, is not a direct target of p38 kinase. 2 There- 
fore, gene expression analysis of LPS-stimulated PMNs has 
uncovered a previously uncharacterized signal transduction 
system that is sensitive to inhibition of p38 MAPK. 

Knowledge of the genes down-regulated by LPS permits the 



development of further hypotheses addressing PMN function in 
the face of infection. Strikingly, several down-regulated genes 
and gene products are structural in nature (e.g. paxillin, acti- 
nin, calponin H2) (Tables II and V). A known consequence to 
the PMN of LPS exposure is decreased motility (48). Up-regu- 
lation of genes for adhesion molecules (ICAM-l t CD44, AL- 
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ASGQAFELILSPR 



15 



27 




Table VI 

Effect ofSB203580 on LPS -stimulated gem expression 
Genes are reported for which the SB203580/control expression ratio 
is s 0.60. 



Gene name 

. - _ 


-fold change ratio 
(SB203580£ontrol) 




rg ijj flbsence 


Chan^ 


&203580 








-fold 


ISG15 


0.09 




22.5 


HCR 


0.38 




20.8 


Mx-1 


0 




19.4 


IFI56 


0 




12.1 


PI-9 


0.57 




9.5 


Ets-2 


0.59 




7.4 


IL-6 


0.45 




6.3 


Rel 


0.50 




6.2 


LIMS1 


0.58 




6.1 


C3AR1 


0.49 




6.1 


INBO 


0.35 




5.2 


KIAA0105 


0.41 




5.1 


SNAP23 


0.58 




5.0 


SLPI 


- 0.58 




4.7 


ELNAM2 


0.49 




4.6 


HM-74 


0.57 




3.8 


PKR 


0 




3.7 


MAD 


0.21 




3.6 


IFIT4 


0,12 




3.6 


Glycerol kinase 


0 




3.6 


IFI54 


0 




3.5 


IFI58 


0.39 




3.5 


IPF35 


0.46 




3.0 




Fig. 2. A, the predicted sequence of the tryptic phosphopeptide in 
P0 4 -stathmin (1468.72 Da). The peptide mass measured by MALDI- 
TOF MS and the predicted mass differed by 14 ppm. As indicated, two 
alternate phosphorylation sites are possible: serine 16 and serine 25. B, 
P0 4 -stathmin and stathmin were identified on the control and LPS- 
exposed pH 5.0-6.0 gels. Consistent with phosphorylation, the P0 4 - 
stathmin spot was distinguished by a peptide of mass 1468.72 Da (i.e. 
80 Da greater than the peptide of 1388.72 Da seen in the stathmin spot). 
Assuming that no other multiply phosphorylated stathmin species have 
escaped detection, analysis of the integrated intensities of the P0 4 - 
stathmin and stathmin spots indicates that the percentage of the P0 4 
form of total cellular stathmin has increased from 11% to 38% with LPS 
stimulation. The decrease in integrated intensity for stathmin was 
equal in amount to the increase in P0 4 -stathmin following .LPS 
exposure. 

CAM j and TSG-6), and down-regulation of genes for structural 
proteins, indicates a genetic basis for this observation. Down- 
regulation of two genes implicated in cytoskeletal regulation, 
Pix-a and RhoB, was also observed. The calcium-binding pro- 
tein S100A4, down-regulated in LPS-treated PMNs (Table II), 
has been implicated in cell motility and metastasis (49). De- 
creased motility may be beneficial in sustaining the inflamma- 
tory response at sites of infection. In addition, LPS treatment 
results in an inhibition of apoptosis (50). Therefore, the longer 
residence time of the PMN at sites of infection is consistent 
with the long term genetically coded changes seen in these 
gene-proftling experiments and indicates that the changes in 
gene expression are functionally relevant to host defense and 
immunity. 

By providing information on post-translational modification, 
the proteomics data may provide further insights into the cy- 



Table VII 

Effect ofSB203580 on LPS -stimulated protein expression 



Protein name 


-fold change ratio 
(SB20358O/control) 


Change in 
absence of 
SB203580 






-fold 


Up-regulated 






Proteasome 0 chain 


0.8 


1.51 


Annexin III 


0.6 


1.37 


Actin fragment [5441 


0.8 


1.74 


Ac tin fragment [591] 


0.8 


1.60 


a-Enolase 


0.6 


1:65 


Rab-GDP dissociation inhibitor p 


1.1 


1.24 


Glutathione S- transferase P 


1.2 


1.54 


Pre-B-cell colony enhancing factor 


1.2 


1.29 


Down-regulated 






Adenylyl cyclase-associated protein 1 


1.3 


0.53 


Rho-GAPl 


0.8 


0.67 


Ficolin 1 


1.0 


0.74 



toskeletal remodeling effects of LPS upon the PMN. We con- 
tend that the actin fragments identified (Table Etl) are unlikely 
to represent technical artifacts. Rather, their specificity (iden- 
tical molecular weight/pl among different experiments), statis- 
tically significant up-regulation by LPS, as well as the use, of a 
lysis buffer containing chaotropes and multiple protease inhib- 
itors argue instead that these fragments are physiologic con- 
sequences of LPS exposure in the human PMN. More specifi- 
cally, the up-regulation of these fragments following LPS 
exposure (Table III) suggests that LPS may activate an actin- 
cleaving enzyme, which, in turn, remodels the cytoskeleton. 
Intriguing in this vein, calpain has recently been reported to 
play an important role in cell migration and cytoskeletal orga- 
nization of fibroblasts (51). The possibilities that LPS may 
induce calpain activation and that calpain activation may reg- 
ulate cytoskeletal reorganization and motility are currently 
under investigation. An alternative possibility is that actin 
cleavage is a marker of neutrophil apoptosis (52). 

Other LPS-regulated proteins may play important roles in 
cytoskeletal reorganization. The up-regulation of protein- ty- 
rosine kinase 9-like (A6-related protein) may modulate LPS- 
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Table VIII 

LPS-i-egulated proteins for which a probe was present on the 
Affymetrix chip 

A comparison of corresponding protein and mRNA transcript changes 
following LPS exposure is shown. 



Protein 


Protein 
change 


mRNA change 






-fold 


Up-regulated 






Proteasome {$ chain 


1.5 


1.9 t 


Leukocyte elastase inhibitor 


2.4 


4.6 \ 


Rab-GDI p 


1.24 


NC a 


GrancaLcin 


New 


NC 


Transaldolase 


2.5 


NC 


Mobs in 


2.1 


NC 


Nonmuscle myosin heavy chain 


New 


NC 


Glutathione S-transferase P 


1.54 


Absent 


Pre-B cell enhancing factor 


1.29 


Absent 


Isocitrate dehydrogenase 


2.3 


Absent 


P0 4 -stathmin 


2.1 


Absent (stathmin) 


Protein phosphatase 1, 0 catalytic subunit 


2 


Absent 


Annexin III 


3.1 


3.1 i 


Down-regulated 




2.U 


Adenylyl cyclase-associated protein 1 


1.9 


Rho-GAP 1 


1.5 


2.7 i 


Ficolin 1 


1.4 


1-7 i 


Adenosy Ihomocys teinase 


2.5 


Absent 


Calponin H2 


2 


NC 



" NC, no measureable change. 



induced actin polymerization, because it bears a high degree of 
homology to twinfilin (A6), an actin monomer-binding protein 
that localizes to sites of rapid filament assembly in cells and is 
believed to regulate actin filament turnover (53). In turn, LPS- 
induced down-regulation of Rho-GTPase activating protein 1 
(Table III) may regulate twinfilin (and protein-tyrosine kinase 
9-like) activity, because twinfilin has been shown to colocalize 
with Racl and Cdc42 and to be regulated by active Racl in NIH 
3T3 cells (53). Activation of Rho proteins may be facilitated by 
LPS up-regulation of moesin (Table V), because moesin report- 
edly induces the dissociation of Rho from GDI (54). Racl may, 
in turn, promote activation of the actin filament-nucleating 
Arp2/3 complex through interactions with WASP (Wiskott-Al- 
drich syndrome protein) family proteins (55) and, interestingly, 
is postulated to regulate the dynamics of both the actin and 
microtubule cytoskeletons via phosphorylation of stathmin (Ta- 
ble IV) (56). Calponin H2 is an actin-binding protein not pre- 
viously reported in PMNs that is postulated to play a role in 
cytoskeletal organization (57). Its down-regulation by LPS (Ta- 
ble V) likely modulates LPS-induced cytoskeletal reorganiza- 
tion. The up-regulation of nonmuscle myosin heavy chain and a 
putative phosphorylated form of myosin heavy chain (putative 
protein kinase C substrate by prediction rules) in the LPS- 
exposed PMN (Table IV) is of uncertain significance; myosin 
has been implicated in multiple functions in the PMN, includ- 
ing locomotion, fluid pinocytosis, and phagocytosis (58). Of 
interest, however, S100A4 (down-regulated, Table II) has been 
reported to regulate cytoskeletal dynamics by inhibiting pro- 
tein kinase C-mediated phosphorylation of nonmuscle myosin 
heavy chain (59). 

LPS induction of stathmin phosphorylation (Table IV and 
Fig. 2) may represent another mechanism by which the cy- 
toskeleton is remodeled. Stathmin is a phosphoprotein report- 
edly involved in both signal transduction and in regulation of 
the microtubulin filament network; furthermore, phosphoryla- 
tion of stathmin has been reported to modulate its tubulin- 
binding avidity (60). Inferences can be made about both the 
phosphorylation site on P0 4 -stathmin and the responsible ki- 
nase induced by LPS. Four phosphorylation sites in stathmin 
have been well described: Ser 16 , Ser 25 , Ser 38 , and Ser 63 (32, 33). 



Ser 16 has been reported as a substrate for Ca 2 4 /calmodulin 
(CaM)-dependent kinases (32), and Ser 25 as primarily a sub- 
strate for p38 and ERK (33), with p34 cdc2 also active but bear- 
ing a 5-fold preference for Ser 38 (34). As stated above, the. 
phosphopeptide identified in P0 4 -stathmin, extending from 
residues 15 to 27 (1468.7 Da), is consistent with phosphoryla- 
tion of either Ser 16 or Ser 25 (Fig. 2). Although both p385 and 
p38a MAPK isoforms are expressed in the human PMN, LPS 
has been shown to selectively activate the p38« isoform in 
human PMNs (9). The p38« isoform, however, has been shown 
to be relatively inactive at Ser 25 ; in fact, p385 is —100-fold more 
active at Ser 25 , and selective p38a inhibitors do not inhibit the 
stress-activated phosphorylation of stathmin in 293 cells (33). 
Further support for the lack of involvement of p38 signaling in 
phosphorylation of stathmin in our system is the apparent lack 
of effect of SB203580 (a selective p38a and p38j3 inhibitor) on 
LPS-induced expression of P0 4 -stathmin (Table IV). Because 
p34 cdc2 ig re i a tively inactive at Ser 25 (34), we conclude that the 
phosphorylation site is likely to be Ser 16 , a reported substrate 
of CaM-dependent kinase. Although CaM kinases have previ- 
ously been implicated in gene activation in LPS-exposed myr 
elomonocytic HD11 cells (61), stathmin signaling has not, to 
our knowledge, been previously reported in either PMNs or 
lipopolysaccharide signal transduction. 

Cytoskeletal reorganization, a well-described regulator of 
granule release (62), may underlie LPS-induced priming for 
PMN granule release, but several LPS-regulated proteins may 
provide more specific clues. LPS exposure led to increased 
levels of grancalcin, a calcium-binding protein previously de- 
tected in PMNs and shown to translocate to granules and 
plasma membrane in the presence of physiologic concentra- 
tions of calcium (63). Similarly, annexin III, a calcium-binding 
protein highly expressed in PMN granule membranes .and im- 
plicated in calcium-mediated secretion (64) and in granule fu- 
sion (65), was also found to be up-regulated. Exocytosis of 
granule contents may also be facilitated by LPS up-regulation 
of Rab-GDP dissociation inhibitor (Table III), which has been 
proposed to recycle Rab after vesicle fusion by extracting it 
from the membrane and loading it onto newly formed transport 
intermediates (66). 

Parallel use of DNA microarrays and proteomics affords a 
powerful strategy for comparison of corresponding mRNA tran- 
scripts and proteins, thereby affording new insight into the 
mechanisms by which the cell regulates its signaling responses 
to the external environment. Of interest, a poor correlation was 
found between corresponding transcripts and proteins (Table 
VIII), as reported in other systems (17, 18). The finding in some 
cases of unchanged transcript abundance in the face of regu- 
lated protein levels indicates post-transcriptional modulation 
following LPS exposure. The finding of undetected transcripts 
in the face of regulated levels of the corresponding proteins 
may indicate previous transcription of these genes in an earlier 
state of the myeloid maturation of the PMN, producing stable 
protein species that have undergone post-translational alter- 
ation following LPS exposure. The use of SB203580, a p38 
inhibitor, adds further insights into the mechanisms of LPS 
regulation. At the level of mRNA expression, SB203580 inhib- 
ited 23% of LPS-stimulated genes by *a:40% and 11% of genes 
by ^60%; therefore, p38 plays a specific role in gene regulation 
in the PMN. In particular, proteasome f> chain was up-regu- 
lated at both the mRNA transcript and protein level (Table 
VIII), with no notable effect of SB203580 on expression at 
either level, consistent with a non-p38-mediated pathway of 
primary transcriptional up-regulation induced by LPS. Simi- 
larly, CAP1, Rho-GAP 1, and ficolin 1 were down-regulated at 
both the mRNA transcript and protein level (Table VIII), with 
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no notable effect of SB203580, consistent with a non-p38-me- 
diated pathway of primary transcriptional down-regulation. 
Interestingly, annexin IE was down-regulated at the transcript 
level and up-regulated at the protein level, with an inhibitory 
effect of SB203580 seen only at the protein level (Table VII), 
consistent with a p38-mediated post-transcriptional up-regula- 
tion induced by LPS. 

Limitations of the present study should be noted. Gene ex- 
pression analysis by cDNA microarrays does not distinguish 
between transcriptional regulation and mRNA stabilization; 
similarly, two-dimensional PAGE proteomics by itself does not 
distinguish among transcriptional, translational, or post-trans- 
lational regulation of protein abundance. Transcript detection 
by microarray technology is limited to the probes included; 
protein identification by two-dimensional PAGE proteomics is 
limited to well-resolved regions of the gel, may perform less 
well with hydrophobic and high molecular weight proteins, and 
tends to select for more abundant protein species (30). Harvest- 
ing of the LPS-incubated PMNs at 4 h may have prevented 
detection of earlier, transient changes and may have thereby 
introduced artifactual transcript-protein discordance. Further- 
more, the post-LPS incubation, pre-two-dimensional PAGE cell 
washes would be expected to remove secreted proteins from 
further analysis, with uncertain effects on detected protein 
abundance depending on such factors as the degree of de novo 
synthesis and extent of degranulation/exocytosis. Because pro- 
tein binding of Coomassie Blue has a limited dynamic range 
and is typically not linear throughout the range of detection, 
image analysis of Coomassie Blue-stained protein spots should 
be considered semi-quantitative. For some protein spots, the 
apparent magnitude of regulation by LPS may have been 
blunted by the spot approaching staining saturation in the 
control gel. By limiting our analysis to those protein spots 
common to all twelve pH 3.0-10.0 two-dimensional gels, we 
likely excluded some LPS-regulated proteins that happened to 
be either poorly resolved on a subset of the gels or unmatched 
by the image analysis software. By further limiting the analy- 
sis to those matched spots on the pH 3.0-10.0 gels for which a 
two-tailed t test demonstrated p < 0.05, the list of regulated 
proteins was likely also limited by statistical power. In addition 
to those regulated proteins listed in Table HI, three others were 
up-regulated and three down-regulated with p < 0.09 (data not 
shown). 

Limiting our reported results to those changes that met 
statistical significance among the donors carries further impor- 
tant implications. We have encountered a two order of magni- 
tude range of response in unselected donor LPS-induced PMN 
functions, such as TNF-a and superoxide anion release (data 
not shown). The sources of this physiologic heterogeneity re- 
main uncertain but may possibly include such factors as nat- 
ural mutations of the LPS receptor component, TLR4 (67). By 
selecting for LPS effects common to all donors, we may not have 
characterized the range of genomic and proteomic heterogene- 
ity present in the population and thereby may have focused on 
only a narrow portion of a broader biological response to LPS. 
We contend that this reductionist approach is valid because it 
would be expected to enrich for biologically integral responses 
of the PMN to LPS. Nevertheless, correlation of genomic and 
proteomic profiles with functional phenotypes of the PMN may 
bear important diagnostic and therapeutic implications and 
will be pursued in future studies. 

Widespread regulation of numerous noncytokine/chemokine 
genes and proteins in the LPS-stimulated human PMN is a 
novel finding. These data indicate that, despite a narrow scope 
of gene expression in the nonstimulated state, the terminally 
differentiated, short-lived PMN likely plays a role in the innate 



immune response that is far more sophisticated and dynamic 
than the simple release of preformed inflammatory mediators. 
Although gene expression appears to be an important mecha- 
nism by which PMNs respond acutely to infection, mRNA tran- . 
script/protein concordance is limited, and post-transcriptional 
(and post-translational) modifications also play an important 
role. The alteration of multiple transcriptional regulators, G- 
protein regulators, P0 4 -stathmin, and protein phosphatase 1 
indicates that one of the responses to LPS exposure is to modify 
subsequent signaling events by bacterial components or by 
other cytokines and chemokines. Finally, the finding that p38 
MAPK mediates LPS regulation of a limited subset of tran- 
scripts and proteins underlines the continuing need to define 
signal transduction cascades in the neutrophil. 
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Discordant Protein and mRNA Expression in 
Lung Adenocarcinomas* 
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The relationship between gene expression measured, at 
the mRNA love) end the corresponding protein level Is net 
well characterized In human cancer. In this study, we 
compered mRNA end protein expression for a cohort of 
genes In the same lung adenocarcinomas. The abun- 
dance of 165 protein spots representing 08 Individual 
genes was analyzed In 76 lung adenocarcinomas and nine 
nort-neopfostic lung tissues using two-dimensional poly 
acrytamlde get electrophoresis. 6pec!flc polypeptides 
were Identified using matrix-assisted laser desorptlon/ 
Ionization mass spectrometry. For the same 85 samples, 
mRNA levels were determined using oligonucleotide ml* 
croarrays, allowing e comparative analysis of mRNA and 
protein expression among the 165 protein spots* Ttoenty- 
elght of the 165 protein spots (17%) or 21 of 68 genes 
(214%) had a statistically significant correlation between 
protein end mRNA expression (r > 02445; p < 0,05); 
however, among all 165 proteins the correlation coeffi- 
cient values (r) ranged from -0.467 to 0442. Correlation 
coefficient values were not related to protein abundance. 
Further, no significant correlation between mRNA and 
protein expression was found (r = ~OjQ25) If the average 
levels of mRNA or protein among all camples were applied 
across the 165 protein spots (68 genes). The mRNA/ 
protein correlation coefficient also varied among pro- 
teins with multiple Isoforms, Indicating potentially sep- 
arate Isoform-spectflc mechanisms for the regulation of 
protein abundance. Among the 21 genes with a signifi- 
cant correlation between mRNA and protein, five genes 
differed significantly between stage I and stage III lung 
adenocarcinomas. Using a quantitative analysis of mRNA 
and protein expression wfthtn the same lung adenocarci- 
nomas, we showed that only a subset of the proteins 
exhibited a significant correlation wftti mRNA abundance. 
Molecular* Cellular Pmtoomtcs f;304-3f4 0002. 



Umg cancer Is the leading cause of cancer death for both 
men and women In the United States. Adenocarcinomas of 
the lung comprise ~4096 of all new cases of non-srnan cell 
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lung cancer end ere now the most common histologic type. 
Functional genomics, broadly defined as the comprehensive 
analysis of genes and their products, have become e recent 
focus of the fife sciences (1). Application of these approaches to 
tur^ adenocarcinomas riastte ddlnttoMentffica- 
tton of h^h risk patients with resectable aaiV stage king cancer 
that may benefit from adjuvant therapy, as weflasto Identify 
new therapeutic targets, tn human fur$carro v however, Gttle Is 
currertfy understood regarding the relationship between gene 
expression as determined by measuring mRNA levels and the 
corresponding abundanoe of the protein products. 

A number of powerful techniques for analysis of gene ex- 
pression have been used Including differential display ft), 
aerial analysis of gene expression (3), ONA mlcfoarrays (4), 
and proteorrdce via two-dimensional polyacrytamkfe gel elec- 
trophoresis and mass spectrometry (5). BtoMbrrnatlcs tods 
have also been developed to hejp determine quantitative 
roRNA/proteh expression profiles of eO types of cefis and 
tissues (6) end now can be applied to benign and malignant 
tumors. ONA mlcroarrays (cONA end oligonucleotide) permit 
the parallBl assessment of thousands of genes and have been 
utilized In gene expression monitoring (7), polymorphism anal- 
ysis (8), end ONA sequencing (9). Recent etudes have .fo- 
cused on classification or Identification of subgroups of ttmg 
tumors using DNA mtoroarrays (10, 11). Tha use of mRNA 
expression patterns by themselves, however, Is Insufficient for 
understanding the expression of protein products, as addi- 
tional post-transcrlptlona) mechanisms, Inducing protein 
translation, post-translatlona) modification, and degradation, 
may Influence the level of a protein present In a given cell or 
tissue. Proteomlc analyses, e complementary technology' to- 
ONA mlcroarrays for monitoring gene exprBsslorv Involves 
protein separation end quantitative assessment of protein 
spots using 2D 1 -PAGE and protein Identification using mass 
spectrometry. By combining proteomlc and transcriptional 
analyses of the same samples, however. It may be possible to 
understand the complex mechanisms Influencing protein ex- 
pression tn human cancer. 

In this study, we determined mRNA and protein levels for 
1 65 proteins (98 genes) In 76 lung adenocarcinomas and nine 



The abbreviation* used are: 20. two-dimensional; MAUOl-MS, 
matrli -assisted laser desorpUon/loiUzatian mass spectrometry. 
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Protein and mRNA Correlation In Lung Adenocarcinomas 



Tabu I 

ComBtatfort coetRctottts of protein end mRNA when only one spot tree present en SDgeH 
r, oojTBbUon coefficient value > 02445; p < 0.06. Velues In boldface are dgnfftoart eip < 0.05. 



Spot Untgene Gene name r* Pratetn name 



1104 


Hs»1B451Q 


6FN 


04337 


14*3-3 a 


0994 


Ms. 77640 


ANXA4 


04218 


Annextn IV 


1314 


. H&10958. 


OJ-1 


04932 


OJ-1 protewMfcRS 


1454 


He.75428 


6001 


0,3863 


SupennMo dlsmutase (Gu-Zn) 


1638 


Hs.227751 


UQALS1 


04318 


Galecttn 1 


0264 


HS.129548 


HNRPK 


04034 


Transformation ujweguiated nuotear protein 


1405 


Ks.111334 


fTl 


0.2849 


Ferritin light chain 


0983 


Hs.800711 


AKXA5 


02468 


AnneodnV 


1252 


Hs.4745 . 


P6MC 


02445 


S8 6pr0te8somop28 


0908 


Hs,234489 


LDHB 


O4420 


L-feetete dehydrogenase H chain (LDH-G) 


1171 


Ha.941515 


OOX11 


O2310 


OOX 11 


1160 


Hs.161013 


PGAM1 


02023 


Phosphoglyoerate mutase 


0759 


Hs.74635 


OLD 


0.1965 


Whydro!Jpc*mMe dehydrog^ase precursor 


1193 


H&63383 


A0E372 


0.1932 


AntJwddant enzyme AOE372 


0172 


K&3069 


HSPA9B 


0.1872 


GRP7S 


0777 


K&979 


PDHB 


0.16$5 


Pyruvate dehydrogenase El-p eubunfl precursor 


1249 


H&226795 


GSTP1 


0.1773 


Glutathione S-transf erase pi (GST-pQ 


1685 


Hs.76136 


TXN 


0.1732 


Thforedoxln 


1205 


Hs.62314 


HPAT1 


0.1588 


KG phosptortbosyttransfarasa 


1230 


Ha£79860 


tPTI 


0.1466 


Translttfonafy controlled tumor protetn (TCTP) 


0603 


Hs.181357 


IAMR1 


0.1463 


LAMR 


1358 ' 


H*28914 


APKT 


0.1399 


Adenine phosphortbosyt transferase 


1410 


Hs.62113 


our 


0.1213 


dl/TP pyrophosphatase (dUTPase) 


1825 


Hs.112378 


UMS1 


0.1213 


Pinch-2 protein 


0871 


tfe.250502 


CAB 


0.1122 


Carbonic anhydrase-related protein; Syntaidn 


0289. 


H3.62916 


OCT6A 


O.1106 


Chaperaun-fito protein 


1143 


• Hs.11465 


GST(lp28 


OJ0997 


Glutathione oMrartsferase hornoteg (GST homolog) 


1456 


Ha.116638 


NME1 


0.0932 


Nrn23(NDPKAJ 


1598 


Ha.276503 


' WG 


OJ090S 


WK5(U32331) 


1354 


Hs.69761 


ATP 50 


0.0904 


FIFCMype ATP synthase eubunlt d 


1445 


Hs.155485 


HIP2 


Oj0843 


KurrUngtb Interacting protein 2 (HIP2) 


1479 


Ha.177486 


APP 


0.0746 


Amyloid B4A 


0808 


Hs.182265 


KRT19 


OJ0439 


CytokeraVn 19 


1071 


Ks.10642 


BAN 


0.0277 


OTP-binding nuotear protein RAN[TC4) 


0991 


H9.297339 


CISB 


0.0254 


Cathepstn 6 


0842 


Hs.77274 


PLAU 


0.0248 


Urokinase plasminogen activator 


0823 


Ha.188248 


640ALT1 


OJ0183 


p 1,4-gaJaotosyl transferase 


0613 


Hs.1247 


APOA4 


00176 


ApoSpoprotetn A4 (ApoA4) 


1338 


H&.104143 


CLTA 


0.0123 


dathrln Cght ohain A 


0902 


He.5123 


61DW0S 


00117 


Cytosofic Inorganic pyrophosphatase 


1688. 


Ha.1473 


GPP 


-0.0040 


Prcprogastrin-releaslng peptlda 


0265 


Hs.274402 . 


HSPA1B 


-0.0071 


Heat shock 4nduoed protein 


1414 


Hs.77541 


ARF5 


-6O096 


ADP-riboe/aOon factor 1 


0710 


Hs.97206 


H1P1 


-00114 


KuntJngtto Interacting protein 1 (HIP1) 


0532 


HS.170328 


MSN 


-00132 


MoesIrVE 


0525 


Hs.284255 


ALPP 


-00148 


ADcaSne phosphate, placenta) 


0513 


Ks.76901 


pon 


-0O289 


Protein disulfide Isornerase-nlated protein S 


1659 


. H*.fiS6697 


HINT 


-00312 


Protein tdrtese 0 Inhibitor 


1262 


Hs.7016 


BAST 


-00382 


flab 7 protein 


0190 


Hs.184411 


ALB 


-0O470 


Albumin 


0948 


H$£795 


LOHA 


-0O549 


lactate dehydrogenase-A (LOHA) 


0S02 


Ks.160532 


GPI 


-0O575 


Hsp89 


€152 


H9.T54I0 


HSPA5 


• -0.0640 


GRP7B 


1054 


Hs.74276 


GUC1 


-00686 


Nuclear chloride channel (RNOC protein) ' 


0709 


Ks.253495 


SFTPD 


-0.0936 


Pulmonary surfactant protein 0 


0867 


' Ks.78996 


PCNA 


-0.0982 


PONA 


0165 


Ks.180414 


HSPA8 


-0.1014 


Heat stuck cognate protein, 71 tt)a 


1109 


Hs.75103 


YWHAZ 


-0.1018 


14-3-3 ffo 


0137 


Kfl.S54 


SSA2 


-0.1032 


fto/ss-A antigen . 
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Tabic I— continued 



Spot 


Unlgene 


Gene name 


r 


Protein name 


0278 


Hs.4112 


TCW 


-0.1237 


T-cemplex protein L a submit 


1769 ' 


Hs.0814 


NPM1 


-0.1738 


BZSmumabtn 


0089 


Hs.74335 


MSPCB 


-04049 


HspW 


2511 


Hs.153179 


FABPS 


-04109 


C-fABfTFASPS 


1739 


Hs.16486 


CAW 


-0JZ344 


OalreUouQn 32 


1138 


Hs.301961 


GSTM4 


-04438 


Gtutathtone S-transf erase M4(GSTm4) 


2533 


H&.77D60 


PSMB6 


-04512 


Macropaf n subunJt A 



rwrvneoptastlc lung tissues. Protein levels were determined 
using quantitative 20-PAGE analysis, and the separated pro- 
tein polypeptides ware Identified using matrix-assisted laser 
desorptlon/bnlzatbn mass spectrometry (MALDI-MS). The 
corresponding mRNA levels for the Identified proteins Within 
the same samples were determined using oflgonudeotide 
micro arrays. Correlation analyses showed that protein abun- 
dance Is Gkety a reflection of the transcription for a subset of 
proteins, bul translation and past-translatbnal modifications 
also appear to Influence the expression levels of many Indi- 
vidual proteins In lung adenocarcinomas. 

GPERMBff AL PROCEDURES 

Tksu8$~Rfty-seven stage I end 19 stage Ul lung adenocarcino- 
mas, es weD as nine norwiaoplastic rung tissue samples, were used 
for protein end mRNA analyses. Patient consent was obtained, end 
the project was approved by the Institutional Review Board AS tis- 
sue* wen obtained after resection at the UMversfty of Michigan 
Health System between May 1991 and July 1996. Tissues were afl 
snap-frozen tn OquM nitrogen and then stored at -80 X. The patients 
tnotuded 48 females and 30 males ranghg In age from 40.9 to 84.6 
(average 63iQ years. Most patients (B&76) demonstrated a posRlve 
smoMng history. 61xty-one tumor samples ware ctasstfled as bron- 
dWdertved. 14 were classified as faronchoarveolar, and one had 
both features, Eighteen tumor samples were otasslfied es wdl dttfer* 
entiated, 88 were classified es moderate, end 19 were classified as 
poorfy tftferenUated adenocarcinomas. Hematoxyf tn-stalned oryostat 
sections (5 #un), prepared from the e&me tumor pieces to be utilized 
lor protein and mRNA Isolation, were evaluated by a pathologist and 
compared with hematoxylin- and eosm-stalned sections made from 
paraffin blocks of the earns tumors. Specimens were excluded from 
analysis tf they showed urtdearor mbted histology (eg. edenosqua- 
' mous), tumor oeUutartty less then 70H, potential metastatic origin ea 
Indicated by previous tumor history, extensive lymphocytic Wfflrathm, 
or fibrosis or tf the patient had received prior ctteritolnerapy or 
radiotherapy. 

Ofloont/efeoftoa Andy Hytwfdtotfon-The HuGeneFL oflgonuoteo- 
tide arrays lAfrVmetrtx. Sarrta Clara C^corrtaJr^ 6800 flenas were 
used tnthb study. Total RMA was tsotated from all samples using 
Trtzol reagant Androgen). The resulting RNA was then subjected to 
further purification using RNeasy 6pln oofumns (Qlagsn). Preparation 
of cfWA, ftytxfdliation, end scanning of the MuGeneR. arrays were 
performed eooonSng to the manirfacturefe protocol (Mryrnetrtx, 
Santa Oars, OA). Oata analysis was performed using GeneChfp 4X) 
software. The gene expression profile of each tumor was normalized 
to the median gene expression profile for the entire sample. Details of 
data trunrrfng and normalization are described elsewhere (1 1). 

2&PAGE end OuanttatrVe Protein Anafysls-Tbsue for both pro- 
tein and mRNA Isolation came from contiguous areas of each sample. 
Protein separation using 2D-PAG6, elrver staining, and digitization 



were performed es deserted previously (12, 13). Our 2D4AGE sys- 
tem allows us to run 20 geb at one time tone batch). 6pot detection 
end quantification were accomplished utilizing Bio Image Visage Sys- 
tem software (Btotmage Corp- Ann Arbor, Ml). The Integrated Inten- 
sity of each spot was calculated as the measured optical density 
units x mmP.Ofthe tote) possible 2000 spots detectable on each gel 
620 spots on u» gel of each sample were matched using a GeVed 
match program with the same spots on a chosen taster* get* tn 
each sample, 250 ubiqu&ously expressed reference spots ware used 
to adjust for variations between gets, such ea that created by subtle 
differences tn plots In loading or get staining. SBght dSTerenoss be- 
cause of batch were oorrected altar apot-stze quantification. 

Mass S^ecmvne&yamf SO Western Blotting— Phantom VDo&t 
were run using extracts from A549 lung adenocarcinoma oeBs {f^y 
taJned from ATOQeitd using the Identic^ 
(he analytical 20 gels, except 00K more protein was loaded. The 
resolved protein geb ware saver-stained using successive incuba- 
tions In 0.0296 sodium thtosutrate tor 2 mtn, 0.1H sOver nitrate for 40 
mini end 0.014% forrnaJdehyde plus 296 sodium carbonate for to 
mlrt For protein Identification* protein polypeptides underwent trypsin 
digestion followed by MALDKMS using a MALDI-TOF Voyager-OE 
mass spectrometer (Parseptive Bfosystatns, ftandnghemi MA). The 
masses were compared wtth known trypsin digest databases usmg 
the MS-FTT dntahnt* (University of CeSfomia, San Franelsoo; 
prospectorjuocf .eduAicsfl itm)3.2/mstit^itrn}. Gome of the pefypep* 
tides tnctuded In the analysts had been Identified prior to this study on 
the basts of sequencing (14). The Werrtffed protein spots used In thb 
paper ere snownh Rg. 1 A The method for 2D-PAGE Western btot 
verification was es described previously (1 & The 2D Western btots of 
GRPS8 end Op18 are shown tn Rg. 1. C end£; the others, such es 
GRP78, GRP75, HSP70, HSC70, KRTB. KRT1S. KRT19. Vknentin, 
ApoJ. 14-3-3, Annexln 1, Annextn II, PGP0£, OJ-1, GST-p4, end 
PGAM, ere desorlbed elsewhere. 1 

Stofotfcaf Anai)sfs -Missing values ware replaced with the mean 
value of tha protein spot The transform x -»tog (1 ♦ x] was applied 
to normaSze eO protein expression values. Tha relationship between 
protein and mRNA expression levels within the same samples was 
exemhad using the Sr^aarman oom^ 

Identify potantlafiy significant correlations between gene end protein 
expression, we used en analytical strategy similar to GAM tfgnhV 
canoe analysis of mlemarrays) (17), which uses a permutation tech- 
nique to determine the significance of changes tn gene expression 
between different biological states. To obtain permuted correlation 
coeffidentt between gene and protein expression, genes were ex- 
changed first tn such a way that permutatetf correlation coefficient 
were calculated based on p&eudo pairs of genes and proteins. The 
distribution of permutated correlation coefficients became stable after 
60 permutations. Thb procedure was then repeated GO ttmos to 
obtain GO sets of permutated correlation ©oefnotertts.Yor each of the 
60 permutations, the correlations of genes and proteins were ranked 



Chen ef at, submitted for publication. 
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TABlfU 

Comslatlon coefficients of protein ond mR HA whew muttlpte tsotorms wen present on 2D gets 



r, correlation coeffictert vatue > 0-2445; p < 0.05, Values in boldface are rigrtncaia at p < OPS. 



Spol 


Unlgene 


Gene name- 


r 


r fwlCUl nSJTiO • 


1494 


Ho.81915 


LAP18 * 


04003 


OP18 (Staihmtn) 


0957 


Hs.77699 


TPM1 


&3930 


Tn)pomyo9tn9 1*^ 


met 


Ms 289101 


GRP58 


O3802 


Protease cflsuUMfe tsomerase (GRP58) 






GAP0 


0.3693 


G)y^9ral(I6hyd9*3-phosphate dehydrogenase 


1199 


M* 41707 


HSPB3 


0.8088 


Hsp27 


1203 






04395 


Trtose phosphato Isomeiaso (IPO 


Q5Z3 




KRTtB 


0^335 


CytotasUn 18 


1492 


a|« Mate 


1 APIS 


04234 




1493 


?19.oivi0 




04164 


OP19 fStsdunlnl 


1191 


ns.ro2£9 




04102 


AniModn variant 1 


0439 . 


HS.24Z409 


ivn I** 


04049 


Ovtokaralln 8 


(£05 




vim 


04039 


VUnoftltn 


0593 




VIM 

vim 


04809 


VImanSh 


1974 








Aldose reductase 


MMC 






04775 


14*3-31} 


85Z4 


nS.J0ZZ9 




0L2612 


Anottrfo 1 


E324 


nSJ»*14 


If OTIS 
Nil io 


04901 


CMotoraUn 18 

Vjvvlnn 9IUI 1 9 w 


1192 




M<tPfl3 

norw 




Msp27 


0350 


n&ZoSIUi 


AQpCfl 

UnrW 


O-ftSffi 


PhoaduAnasa C f OAPSffl 


0992 


Hft.75313 






amma iwtuefflsa 


0861 


n$.75313 


fWllDl 


AflTAI 
VJU/Ol 




0853 


H&.7S313 


HKnlDl 


~*VJwDr9 


fWWN IWWWBW 


2503 


H9.7o392 


ai nut 






0381 


HSjo392 


fVJunl 


— AMT1 * 




0371 


Ht. 76392 


At nut 






1179 . 


H9.7BZ20 








07G2 


ns.76223 


AMY A 4 




Aretodn 1 


0760 


ns.rozzs 


AMVA1 


-OJ0228 


AraiBidn 1 


250$ 


M S.S17493 


WW 


0a2223 


UBttAflfiA fftAAAMift 111 


0772 


HS .2 17493 




0.2080 


Upoootlfi (aiuio^n IQ 


0723 


HS.21743H. 




0 0701 


Lfpoootlrt 


1239 


4J* M404 
H9.99194 


APAA1 


0 1193 


AooDooDnateln A1 IAdoAII 


1237 


HSJB31B4 


ADAM 


—0.0373 


AnfltfaOfiffDtfiln A1 IAooAII 


1234 


H9&3194 




-0ik894 


ADfiflnonnlBln A1 IAooAII 


v4Za 






04080 


ATP ayrfthasa p sUburft praouisor 


WZf 




ATP58 


04122 


ATP ayitthaso 0 stlburft precursor 




nun 


A1PS8 


«04992 


ATP synthase p auburdt procaisor 


VON 


Mil TfilOR 


CLU 


^0.0493 


Apoi^poprotGln J (ApoJ) 


0790 


M* 75106 


GUI 


-0.0443 


Apol^oprotetrr J (ApoJ) 






CIF5A 


-00728 


eff=-5A 


1484 


Ho.11 91 40 


CtFSA 


-0,0376 


eF-SA 


1728 


HS5241 


FABP1 


-0.1916 


L«fABP 


1712 


H9J6241 


FABP1 


-00473 


L-fABP 


0947 


Ms.169476 


QAPO 


0.1745 


G^ceraMehydo-3-phosphate dehydrogenase 


1232 


H9.75207 


QLD1 


02249 


Gtfyojcalase-1 


1229 


M9.75207 


GL01 


0.0450 


Ofyoxalase-i 


1595 


H9.158300 


MAPI 


-0.0187 


Murtttngfo-assoclated pratotn 1 (neuroan 1) 


1810 


Ms.76990 


. MP 


-6.4672 


«41aptog1obtn 


1459 


"0.75990 


MP 


0.0802 


«44aptogtobln 


1458 


H$.75990 


MP 


-0.0305 


o-Haptogtoblft 


0619 


Hft.FS990 


MP 


0.0481 


6*tiapto^lobtn 


0815 


H9.7S990 


MP 


-OJ0O34 


B-haptooloUn 


1250 


H9.41707 


MSP83 


-0.1024 


M»p27 


0549 


Hs.79037 


MSP01 


0.1074 


Msp60 


0338 


Ho.79037 


HSP01 


02265 


MspSO 


0333 


H&79W7 


HSP01 


0.1383 


MspGO 


0331 


H9.79037 


MSPD1 


0.1603 


MspGO 


2381 


Hs.65114 


KRT18 


02016 


CytoVemtln 16 


0535 


Hs.65114 


KKT18 


0.1106 


Oytokeratfn 18 
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Ta&£ It^cenfrustf 

Oon&atton ccaffldents of protein and mft/H4 cvnera mutttpte tsvttirm w&b pmsant anS&gtfs 



e\ oarrelatton oasf&dflnt value > 05445; p < 0.05. Vtfuss In baldfeea era 


i dgnJftoanJ a? p < QjOS. 


Spot 


CUnlgana 


Gerts name 




Protein name 


0529 


H$j85114 


coma 


0.1278 


Cytokersttn 118 


0528 ' 


.H9.65114 


C&3T1& 


0.041 4 


. Oytoltaattn D8 


0527 


HS.SS114 


CURTIS 


Oj043S 


Cytotcerafo 1)8 




HaA51t4 




O.07S3' 


Cytotestfn 1)8 


0451 


H&242463 




— 0.011 D 






H $£42463 


CCRTV8 




©ytateratin 0 


0444 


WSJ242463 






Cytd&ero&iQ 


0443 


Ms.242463 




OJ0S42 


Cytoteattn G 


\)488 


Ms.81915 


(LAP II 8 




OP18($USSvnb4 


0321 


Hs.75655 








. 0320 


Hs.75665 


P4HB 


■A inft ai 




9063 


Hs.75323 


(?KB 




(Prohfbfiln . 


AB3T 




PHB 






0326 


VIA AO f W I 


wB>h ui*rt 1 








K3.297881 


&ERPINA1 






02411 


V ivwtfl vv ■ 




— fiat/m 




H2B0 


Ms.301254 


SFTTPA1 




Pubncftajy amtectont-asscdatdd protdn 


H278 


Ms.801254 


SRTPA1 


—05040 


Putmon&fy ourfactont-oseoeSatecS praftdn 




Me TtMA 
IrfB.f OoDV 


UlMWB 1) 




\Tro^ofi!n 7 


0778 


Ms.73980 


VWMTTI 




Troponin 7 






u n i 




Triose pftossmale Gscmtereso ^n?0 


VfCtU 




, uri ■ 


mJWJSO 


Vtfose pfwsphirie Ssomosse ([WO 


(1207 


Hs.83848 


TW 


-0.H61S 


Tito&e ph&sphafle Gsom&Bsa (IPO 




Mfi.83848 


TPIt - 


OJ0209 


Trlose pfto$phsie Qscmereso {TPQ 


9202 


Ms^3648 


TPH 


00721 




mi 


<Hs.e3846 


1PI1 


0.2265 


Vftooa p8i»^ia)Q (aomoross J?PQ 


W52 


Hs.77699 


WWW 


-O.H040 


Tropom^n cJaan-product 


t)039 
5035 


Hs.77899 


TPM1 




Cylo^eial Qropofnyosln 


m.nm 


TPMI 


-0.S821 


Troponiyo^n 


0763 


Hs.77699 


TTPM1 


04757 


Tropomyosins 1-5 


1574 


H&.19436S 


TTTR 


-OJ006S 


Trenstfyitfln 


0609- 


H&.16436S 


TTO 


o®m 


TransthjrrQUn rouftlmoro 


2202 
1246 




UCKL1 




Ubkjifflln coboKyHomdnal hydnriesa tea^rma U 


Hs.761tI6 


UCHU 


-O.H261 


UbJqaitin c^bo^KermlRal ^oYolsso foosyrra (L1 


11242 


m.mm 


UCHL1 


O.M47S 


4fb!qtfttn cc^ras^Hemtfnal r^tfrolesQ teosyma M 
VlntBTlttn 


0606 


Ma£97753 


VIM 


OJ0951 


OS94 
0508 


M8.2B7753 


VIM 


-02654 


Vlnwrtln^oltfed ^rotetn (^4) 


H&.207753 


VIM 


- O.1008 


Vimerrtirv^eftvcd protein W% 


0419 


Hs.897753 


VIM. 


O.O032 


Vtmontb-dErtvcd protein (^d1) 


H27fl 


M&.75S44 


VWHAH 


OO0S8 





(proteh ^»ote on SO ®6ts nepresonting 98 genos and <scm- 
(pared (protdR teveJs ^ mRNA (avals tor a cohort of 65 Custg 
atiehoCTdnomos end rtarmaJ'Cung ^m^cas. Of dhe 965 pro- 
tein epoto, <SQ pnrtebrc ware caprasartifid] by onfy ores terom 
'^>ot on 80 goto (Tor ®n CncOvWuaS @ono t ttftero&s 08 prcrtoin 
spote showed oriuStipte proleln products ^uvi 89 dfffomm 
genoa. 80 Western blowing verified to proteins Gdsntfflad (by 
mess spectrometry v&m gpsttflc antbodios were avallabte. 
Spearman corfoteiJon ooofflolants o? dhe (protehs and tfielr 
associated mRWA (Tor oac&i protein 6pct wore generaKed using 
ell F6 dung adanocartirtom&s end rtfns rorwteQplastic Gung 
itemes (see Tables 0 and II, and see Rgs. 1 and 8). Ylka 
oorrdatlon oo effluents (r) ranged from -0.467 Go 0.442 (R£. 
SO)- A (tola) <rf 23 protein spots S29 genes) wem found to have 
a ctatlstlralfy ©Iflnfficant oorvtalation batween oi0)rasslon of 
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euo?i that pjft denotes tha /9i higest omralatbn oosfficfiartt for ^rth 
pafTTurtalion. Menoa, tths a^acSod <»r?Bla3on cosfficterrt, f^W, was ©ta 
ovai^c^lhoropsmufl^on^^ » ^ 0 , ^eO.Aeesrtter^of 
' (DtoonredosnBMpra^twsuslhQtatpscted comdfUIonab shown bi 
0^. 8D.fe^B«iioV.^ohosothradTOtdA »0.115sothatoontiatlon 
woi^ to ooi^dETed ^gniRoam (I ej&s^^ 
tfffllawS ft0 was greater than the thns^totd. 7werr^jMro6nclifla»gcmo 
wflh cterv^J corr^albn coafRctent -0.4872) of 1 65 pairs of gene ami 
protein agression were called eEgnffleanf In such criteria, and tto 
(parmuted dflta jganafatod en average of 5.9 (felsery dgnfficant pafag of 
gene end protein o^res^on. TWs provided an osttmated Kelso cfis< 
oovery rata (tha paroantaga of pairs of gene and protein oppression 
Odentrfied by ethanes) for our data eel 

RESULTS 

GomBfetfcn of individual Proteins and mRNA Expmssfcn 
within CecA Ti/mor-We have examined quantitaUveV 165 



Protein and mRNA Correlation In Lung Adenocarcinomas 




Fte.1. A digital tmage of a cOver-stained 20-PAGE separation of a Stage I tung adenocarcinoma showing protein spots separated by 
molecufar mass (MW) ami isoelectric point (Rf). Twerrty-elgM protein spots whose agression tevets are correlated wRh mRNA ebundanoe are 
Indicated by the bteck amws. 0, the outlined areas of A showing protein GRPSS. C. 20 Western blot of GRPSS from the A549 tung 
adenocarcinoma cell Una. 0, the outlined areas of A showing the protetn lsoforrna of Op18. £, 80 Western bbt of Op18 from A549 ceSa. 



their protein and mRNA (r > 0.2445; p < 0.05). This aooounta 
for 17% (28/165) of the 165 protein spots. Among the 69 
genes for which only a single protein spot was known (Table 
0, nine genes (0/69, 13%) were observed to show a statisti- 
cally significant relationship between protein and mRNA 
ebundanoe (r > 0.2445; p < 0.05). The proteins whose ex- 
pression lavBls were correlated with their mRNA abundance 
Included those Involved In 6fgna) transduction, carbohydrate 
metabolism, epoptosts, protein post -trans tatJonaJ modifica- 
tion, structural proteins, and heat shock proteins (Table Iffy. 

individual tsofbrms of the Same Protein Have Different 
ProtelnJmRNA Correlation Coefficients— Qi the 165 protein 
spots, 66 represent protein products of 29 genes with at least 
two Isolorms. Among these 66 protein spots, 19 (19/96 pro- 
tain spots, 20%) showed a statistically significant correlation 
between their protein end mRNA expression (r > 02445; p < 
0.05) (Table IQ and represented 12 genes (12/29, 41 96). Individ- 
ual tsotorms of the earns protein demonstrated different 
protdiVmRNA correlation coefficients. For example, 2D-PAGE/ 
Western analysis revealed four t s ofbrms of OP16 differing h 
regards to Isoelectric point but simitar to molecular weight 
Three ofthe tourlsoforms (spots 1492, 1493. and 1494) showed 
a statistical!/ significant correlation between their protein and 
mRNA ebundanoe (r = 03234. 0.3154, and 0.4003, respective- 
ly^ The forth tsoform (spot 1436) showed no correlation be- 



tween protein and mRNA expression |r « 0.0495). 6lm0arly, |ust 
oneofflvBo^antffled tsoforms ol cytokeratin 6 (spot 439) dam- 
onstrated a statistical sfgnfflcant correlation between protein 
and mRNA ebundanoe (r «= 0.3049; p < O.05) (Table IQ. 

In addition to differences In the relationship between mRNA 
levels and protein expression amongsepamte Isoforms, some 
genes with very comparable rhRNA levels showed a 24-fofd 
difference In their protein expression. Genes with comparable 
protein expression levels also showed up to a 26-fold vari- 
ance In their mRNA levels. 

Lsc* of Correlation for mRNA end Protein Expression when 
Using Average Tumor Values across AO 16S Protein Spots (98 
Genes)— The relationship between mRNA and protein expres- 
sion was also examined fay using the average expression 
values for all samples. To analyze this relationship using this 
approach, the average value for each protein or mRNA was 
generated using aO 65 lung tissue samples. The range of 
normalized average protein values ranged from -0.0646 to 
0.0979 (raw value 0.0036 to 4.1947), and the range for mRNA 
was from 0 to 15260.5 for all 1 65 Individual protein 6pots. The 
Spearman correlation coefficient for the whole data set (165 
protein spots/9S genes) was - 0.025 (Fig. 3A). Even for the 26 
protein spots (Rg. 20) that were found to have a statistically 
significant correlation between their mRNA and protein, use of 
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(Ro,2.fl-C, ptoteshew^thaatf^allori bctm©niTtfm^fOTtrin^Ui3 0irw©2lec2ed ^©30p1&Arm^Sv\^<BAP9tfwe378 
king erfsnccarc&icmas and nha rcm-reop&stic Hung samples & < 0.05). D, jfistrfbutton of tfl ^65 Spaarman <Borre3ai£on ©safndesrts (rj aad 
verification anafysls using 6AM, A more detailed description of Ota matticd Is provided under ^EtgarUnentfi) pjoostftaes. 0 Approximately 17% 
o?4he 165 proteins denKra^eaeigrdfioairt con^ 
outerianaeotthreshotd A = 0.115.Noit^^ 



the averaga value resulted In a correlation coefficient value of 
-0.05, tt/hteh was not significant (Rg. 95). 

lecft of e Relationship fcafowsari PwlMmRNA Oerratetton' 
Qostffictents end Awmip Protein Abundanoa— To determine 
Whether an absolute [protein (level might Influence Ghs cms-. 
Gallon with mRWA, the mean valua of ©ach protein (relative 
abundanoa) and the Spearman proteln/mRNA correlation co- 
dfldents among all 65 samples were examined. Wo tns&tton- 
Ghlp between the protein abundanoa ©red Gha correlation co- 
offioSents was observed \f = 0.03% p > 0.05). A detailed 
analysis of separata subsets ot proteins with differing tools of 
abundlanba (tess than -O.0D14. (larger than -0.0014, o? ftsrgar 
than 0.0077) aJso showed a ladk of correlation between mRNA 
and protein expression among (ha 83 (5096), 02 (50%), and 41 
(25%) of 165 total protein spots, irospac&rvety (r e o.Ot 6, (D.08, 
and 0.172, respocthra?^ 

Stago-mlaPad Changes dn the Pwtetn/mRNA Correlation 
Cosfflotonts-To determine whether the 21 ganas {26 (protein 
spots) showing a significant correlation between tha protein 
and onRNA ai^rosslon among all samples demonstrate 
changes fn this relationship during tumor progression, the 
copelaitons ware aitamlned separately for stage 0 (n « ST) and 



stoga Ml fri = D 8) Eung adenocarcinomas Pablo HQ. *tfha ircum- 
(berof n»vneop5astlc OuTig eamplas fr> = 9) was 8nsiriRc3ent for 
a separate oomatatkm analysis o? QMs (group. Man? of ttha 
protdnspot8 repnasant ana of several tototvn protein (tsstfcims 
Cor a ghnn gene. Vhe m^ortty of ganas die/211) did not dtfifosr Cn 
Qha pmtetnAmHNA oomalatlon featwean titeg® B ond sft&ga III 
Cumors Indicating a efmBar nsgu^itoTV rdatUon^P Grstwaan tfta 
vr\Vm> and.profah spot PSMC, S0OH t and 

VIM, (rtowevar, wer© toimd to demonstrate efgnfflc&nl dtfifer- 
onoas 5n (he ccrreMfon ©oaffldanta Qts/Swean ataga 0 and 
stage III &jng adanocsio&iomas. For GRP-SS, PSWC, and VIM 
^the change On fts oor?ob^on ooafffdent w&s foacausa of a 
ve^thm horeasa In (orotaln sKpnasalon (n stage til (tumors. 
SOD and TPI the change rasuttad from a tractive deorsasa In 
egression of ^ils spadflc protein in stag® Oil tumors. 

DISCUSSION 

Relatively Gttto Is Ctnow about ttha (ragulaton/ meohanlsms 
controlSng Qhe oompIeK patterns of (protein abundanoa and 
post-translational modification In Humors. (Most reports con- 
cerning the regulation of protein translation (have focused on 
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Tabu Ot 

Stage-dBpentSznt analysis of pntsin-mRNA oetrrefetfon coefficients 
r, oo rotation ooefflctent Values In boldface Indicate a significant difference between stage I end stage 01. 
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one or cavern) protein products (10). Gells of a/. (IS) found a 
good correlation between transcript and protetn levels among 
40 wall resolved, abundant proteins using a proleorntc and 
mtcroarray study of bladder cancer. By oompartng the mRNA 
and protein expression levels Within the saxro tumor sarrptes, 
we found that 1 7 W (2671 65) of the protein spots (21/98 genes) 
show a statistically significant correlation between mRNA and 
protein. These proteins appear to represent a diverse group of 
gene products and hduda those involved In dgriaJ transduc- 
tion, oartwhydrete metabolism, protetn modification, ceil struc- 
ture, heat shook, end apoplosls. These results suggest that' 
expression of this subset of 165 protefrwbCkBtyto be regulated 
el the transcriptional level (n these tissues. The majority of the 
prmeJntscrfarms, however, did not correlate wtth mRNA levels, 
end tTAistrtelroopresslon Is regulated 
also observed e subset of proteins that demonstrated a nega- 
tive correlation wtth foe mRNA expression values; for example 
o-haptogbbln demonstrated a strong negative correlation with 
Its mHNA expression values . This may reflect negative feedback 
on the mRNA or the protein or the presence of other regulatory 
fcfluences that am not understood currently. 

Posttranslatfanal modification or processing will result In 
Individual protein products of the 6ame gene migrating to 
dtffererrt locations on 20-PAGE gets (20). Because the Identity 
of all possible Isoforms for each protein examined has not 
been characterized completely, this may Influence the corre- 
lation analyses performed In this study. This Is partly because 
of limitations of the 20-PAGE and mass spectrometry tech- 
nologies (21, 22). Potential inconsistencies between mRNA 
end protein correlations that have been reported may also be 
because of differences, even In the same gene, In the mech- 



. anJsma of protetn translation among different calls or as 
measured b different laboratories (23). 

In this study, we examined 165 protein spots Identified In 
rung adenocarcinomas. Ntnety^sbt protein spots/representing 
the products of 29 genes, contained at least two protein 
Isoforms. Nineteen of 96 protein spots, representing 12 
genes, ware shown to have a etaustlcatry significant correla- 
tion between their protetn and mRNA expression, suggesting 
that the levels of these proteins reflects* the transcription of the 
corresponding genes. Differences In proteln/mRNA correlations 

' were found among the tndMdual IsoTujf us of a given protein. For 
example, of the four OW8lsofomrts^ three showed aetallstrcaDy 
significant correlation between the protetn end mRNA expres- 
sion levels. The lack of relationship for to one tsoform, how- 
ever, Indicates that IndMo^protdnlsofor^ 
product can be regulated drffererrtially. This Is not unexpected 
and Beery reflects other post-translational meoharisms that can 
Influence boform abundance In tissues and cancer. 

4n addition to the analyses of the correlation of mRNA/ 
protetn within Ihe same tumor samples, we also tested the 
global relattorohtp between mRNA and the corresponding 
protein abundance across all 165 protein spots In the lung 
samples. A protein and mRNA average value for each gene 
was generated using ell 65 lung tissues samples. We ob- 
served a very wide range of normalized average protetn and 
mRNA values. The correlation coefficient generated using this 
average value data Gel was -0.025, end even for the 28 
protetn spots that showed a statistically significant correlation 
between Individual mRNA and proteins, the correlation value 
was only -0.035. This suggests that It Is not possible to 
predict overall protetn expression levels based on average 
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Fee, S. The overall correlation off 
mftNA and protein levels across aO 
16S pmteln «pots (A) and across 28 
protein spots that oontatnod tntihrfoV 
ua) r values larger than 0.244 (B) ere 
shown. Each protein or mRNA mean 
value was calculated based on all 76 
lung adenocarcinomas and rdne «m- 
neoplastlc ting samples using quantita- 
tive and Aflymetrtx oQgomi- 
deoUde mJoroarraya. The 6pearman , 
correlation coefficients for the two data 
seta (4 and 6) were -0*025 and -0X35. 
respectively. Moating a taok of oorrrta- 
ticn ff mean values for mRNA and protein 
for an aamples b used. 
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mRNA abundance In lung cancer samples. TWs conclusion Is 
also supported by previous, results from Anderson end Sett- 
tamer (24). Who examined 19 genes In human liver cells, and 
fay Gygl el af. (25), who examined 106 genes In yeast. Both 
studies found a tack of correlation between mRNA and protein 
expression When average or overall levels were used. 

A good correlation was reported when the 11 most abun- 
dant proteins were examined In yeast (25), suggesting that the 
level of protein abundance may be a factor that may Influence 
the correlation between mRNA and protein. In the present 
study, e fairly wide range of mean protein values among 165 
protein spots In bmg eoarttcardnomas was observed, and 
the correlation coefficients also varied from -0.467 to 0.442. 



A comparison between the mean value of each protect and 
the correlation coefficient generated using eH 85 tissue earn* 
pies did not reveal a strong relationship between the overaO 
protein abundance and fte correlation coefficients (r = O039; 
p > 0.05). Detailed analysis erf dlffa^ subsets ot protein abun- 
danoe also failed to show a correlation between mRNA and 
pmteln expression. Thus la contrast to yeast, a relationship 
between mRNAfcrotetn correlation coefficient and protein 
ebunoanoe In human bing aderxx^rolrnmas was rxit observed 
The results of this study Indicate that the level of protein 
abundance In lung adenocarcinomas Is associated with the 
corresponding levels of mRNA In 17% (28 proteins) of the 
total 165 protein spots examined. This was substantially 
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higher than tho amount predicted to result by chance atone 
(which was 5.1) and suggests that a transcriptional mecha- 
nism Gkety underlies the abundance of these proteins in tung 
adenocarcinomas. We also demonstrate that the expression 
<rf tncfivtduad isoforms of the same protein may or 'may not 
correlate with the mRNA, Indicating that separate and likely 
posft-transtattona) mechanisms eooourtt for the regulation ol 
tootorm abundance. These mechanisms may also aooount for 
the differences tn the correlation coefficients observed between 
stage I and stage 10 tumors, indicating that spedfic piotetn 
Isoforms 6ftow mgUbtory changes during tumor progression. 
Further studies in tung adenocarcinomas uifQ examine the reta- 
ttonshlp between the expression of intfivlcfuaJ protein JsofofTTts 
end specific c6nteaH>aflhologlcaJ features ol these tumors, euch 
es the presenoe of angtor/mphatic trrvastor\ and nodal or ptau- 
•at surtoetnY0fvement.1he potential to Identify epeoffic piotetn 
teotarns essodaled with biological behavior in tung adenocar- 
cinomas would be of consWerabte tnteretf and wtD edd to cur 
understanding of the regulation of gene products by transcrip- 
tional, translationai and posMransfatJonal mechanisms. 
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Tissues at Risk for Cancer 
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Abstract: Epithelial tumors develop through a multistep process driven by 
genomic instability frequently associated with etiologic agents such as pro- 
longed tobacco smoke exposure or human papilloma virus (HPV) infection. 
The purpose of the studies reported here was to examine the nature of genomic 
instability in epithelial tissues at cancer risk in order to identify tissue genetic 
biomarkers that might be used to assess an individual's cancer risk and 
response to chemopreventive intervention. As part of several chemoprevention 
trials, biopsies were obtained from risk tissues (i.e., bronchial biopsies from 
chronic smokers, oral or laryngeal biopsies from individuals with premalig- 
nancy) and examined for chromosome instability using in situ hybridization. 
Nearly all biopsy specimens show evidence for chromosome instability 
throughout the exposed tissue. Increased chromosome instability was observed 
with histologic progression in the normal to tumor transition of head and neck 
squamous cell carcinomas. Chromosome instability was also seen in premalig- 
nant head and neck lesions, and high levels were associated with subsequent 
tumor development. In bronchial biopsies of current smokers, the level of 
ongoing chromosome instability correlated with smoking intensity (e.g., 
packs/day), whereas the chromosome index (average number of chromosome 
copies per cell) correlated with cumulative tobacco exposure (i.e., pack-years). 
Spatial chromosome analyses of the epithelium demonstrated multifocal clonal 
outgrowths. In former smokers, random chromosome instability was reduced; 
however, clonal populations appeared to persist for many years, perhaps 
accounting for continued lung cancer risk following smoking cessation. 

Keywords: chromosome instability; epithelial cells; aerodigestive tract; 
chemoprevention; cancer risk 



THE NEED FOR BIOMARKERS OF CANCER RISK AND 
RESPONSE TO INTERVENTION 

Epithelial cancers remain a major health challenge in the world. Despite improve- 
ments in staging and the application and integration of surgery, radiotherapy, and 
chemotherapy, the 5-year survival rate for individuals with lung cancer is only about 
15%} Even if strategies for early detection are successful and lung cancers 
are detected at a stage where local tumor resection and treatment is curative, 
these patients will still be at significant risk for developing second primary tumors 
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associated with the problem of field cancerization. 2 Similarly, for individuals with a 
first head and neck primary tumor, even if the first malignancy is successfully treat- 
ed, the risk of developing a second primary in the tobacco smoke-exposed field is 
approximately 40%. 3 Similar cancer risk estimates exist for individuals who exhibit 
severe dysplasia in premalignant epithelial lesions. 4 For these reasons, it is important 
to focus on chemopreventive strategies to prevent the development of epithelial 
malignancies. 

Several problems confront chemoprevention trials designed to identify effica- 
cious agents. 5 First, chemoprevention trials with cancer incidence as a primary end- 
point require tens of thousands of subjects and tens of years of intervention and 
follow-up for statistical evaluation. For example, a recently reported trial involved 
30,000 subjects and required 10 years in order to examine the impact of prevention 
strategies on lung cancer development, only to find a possible increased lung cancer 
incidence in current smokers who received p-carotene. 6 

The problem of large, long-term trials results from the difficulty in identifying 
individuals at highest cancer risk who might best benefit from chemopreventive 
intervention. For example, 20 pack-year smokers, while known to be at relatively 
increased risk for developing lung cancer, have approximately a 10% lifetime risk 
for developing lung cancer. This seriously limits the number of potentially useful 
strategies that can be clinically explored. A second problem facing chemoprevention 
trials is that little is known about what agents are likely to have efficacy, and even 
less is known regarding proper doses, schedules, and durations of treatment. Part of 
the reason for this problem is that too little is known about the physiologic processes 
that drive epithelial cancer development. 

In order to reduce the number of subjects and the time required to carry out 
chemopreveution trials and thus allow the exploration of multiple prevention strate- 
gies, two types of advances are necessary. First, it is important to identify individuals 
at significantly increased cancer risk who might best benefit from different types of 
intervention. Second, in order to allow the rapid identification of agents, doses, and 
schedules of potentially efficacious agents, it is necessary to identify and validate 
surrogate endpoiuts of response that indicate whether the agents are having a posi- 
tive impact on the target tissue during the chemopreventive intervention. 

One approach to identifying individuals at increased aerodigestive tract cancer 
risk is to explore epidemiologic features of potential subjects. Molecular epidemio- 
logic studies are beginning to identify intrinsic host factors that place some individ- 
uals at increased cancer risk, especially those with a chronic smoking history. 8 Most 
intrinsic factors identified thus far reflect levels of carcinogen metabolism, repair 
capabilities of the host following DNA damage, and other measures of intrinsic 
cellular sensitivity to mutagens. While these factors can provide statistically signif- 
icant risk ratios in case-control studies that are controlled for tobacco exposure, the 
detected risk ratios usually fall in the range of 1.5 to 10. Unfortunately, this is not 
sufficient for the individualization of treatment and is not sufficiently high to signif- 
icantly reduce the numbers of subjects required for chemoprevention trials with 
cancer incidence as the primary endpoint. 

Another approach to identifying individuals at increased cancer risk is to direcdy 
examine the target tissue of individuals with known carcinogen exposure (e.g., 
chronic tobacco smoke exposure), who have evidence of target organ dysfunction 



HHTELMAN: GENETIC INSTABILITY IN TISSUES AT RISK FOR CANCER 3 

(e.g., chronic obstructive pulmonary disease, changes in voice quality), or who 
have clinical evidence of premalignancy (e.g., bronchial metaplasia/dysplasia, oral 
leukoplakia/erythroplakia, cervical intraepithelial neoplasia). The conventional 
standard for assessing cancer risk in these situations is the degree of histological 
change. However, while individuals who show moderate to severe dysplasia are 
known to be at increased cancer risk when compared to individuals with lesser his- 
tologic changes, it is often difficult to distinguish reactive changes to carcinogenic 
insult from initiated and progressing lesions. Similarly, upon cessatiou of carcino- 
genic insult, histologic changes may reverse yet cancer risk may continue for many 
years. For example, while smoking cessation is associated with decreased bronchial 
metaplasia, 9 increased lung cancer risk continues for many years beyond smoking 
cessation. 10 In fact, nearly half the newly diagnosed lung cancer cases in the USA 
occur in former smokers. 1 1 

The development of assays to identify individuals at high epithelial cancer risk 
and to directly assess response to intervention in the target tissue is therefore an 
important research goal. Such assays should be objective and easily quantifiable and, 
if possible, minimally invasive. Moreover, they should reflect both the disease pro- 
cess and the targeted pathway and thereby be useful in assessing risk and monitoring 
response to intervention as well as directly testing the hypothesized mechanism of 
action of the cheinopreventive sUategy. 

In the chemoprevention setting it is important to recognize that one does not 
know the location of the future cancer. Thus, assays must necessarily be carried out 
on random biopsies of the field at risk. Even if there are clinically evident premalig- 
nant lesions, this does not mean that this is the likely site for a future malignancy. 
For example, nearly half of the cancers that develop in individuals with oral leuko- 
plakia arise away from the original index lesion. Similarly, since many newly diag- 
nosed lung cancers arise in the peripheral parts of the lung (e.g., adenocarcinomas), 
especially in former smokers, and since endobronchoscopy predominantly accesses 
central components of the lung, it is important to identify biomarkers that can reflect 
global processes ongoing in the target epithelial field associated with increased can- 
cer risk. Their discovery requires a better understanding of the tumorigenesis pro- 
cess in epithelial fields at cancer risk. 



THE RATIONALE FOR STUDYING 
GENOMIC INSTABILITY AS A MARKER OF RISK 

Tumors of the aerodigestive tract have been proposed to reflect a "field canceriza- 
tion" process whereby the whole tissue is exposed to carcinogenic insult (e.g., tob- 
acco smoke) and is at increased risk for multistep tumor development. 12,1 3 Several 
types of clinical and laboratory data support this notion, including the frequent 
occurrence of synchronous primary and subsequent second primary tumors in the 
aerodigestive tract (frequently exhibiting dissimilar histologies as well as distinct 
genetic signatures 1 4-1 6 ) and the presence of premalignant lesions that precede and/or 
accompany the tumor in the exposed tissue field. 17 The notion of a multistep tumor- 
igenesis process is further supported by serial clinical and histologic evaluations of 
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target tissue or exfoliated cells where increasing degrees of histological abnormali- 
ties are observed over time. 18 

A working model for aerodigestive tract tumorigenesis is illustrated in Figure 1. 
Tumorigenesis in the face of carcinogenic exposure likely involves a chronic process 
of tissue injury and wound healing. DNA damage induced by the carcinogen is likely 
fixed into permanent genetic changes (e.g. f chromosome damage, chromosome non- 
disjunction, gene mutation, gene deletion, etc.) during the process of proliferation. 
This damage would he expected to be distributed throughout the exposed tissue field 
leading to a background of generalized genomic damage (depicted in Figure 1 as a 
background mat of increasing density). Chronic injury and repair likely leads to the 
accumulation of cells with increasing amounts of genetic changes as well as the out- 
growth of abnormal clones (triangles in Figure 1) carrying an accumulation of 
genetic changes importaut for selective survival, dysregulated growth, and preferen- 
tial epithelial take-over by initiated clones (see Figure 2). 

Cellular and molecular evidence for the field carcinogenesis and multistep tum- 
origenesis model comes from many laboratories. 19 * 20 With the advent of a wide array 
of molecular technologies, a large number of specific molecular genetic and epige- 
netic changes involving specific oncogenes, tumor suppressor genes, cell regulatory 
genes, and repair genes have now been described for aerodigestive tract cancers. The 
identification of these specific molecular changes have now provided probes to 
explore specific events occurring in premalignant lesions adjacent to aerodigestive 
tract tumors. 21-24 Frequently, these premalignant lesions showed a subset of the 
same molecular changes found in the associated tumor, suggesting that these lesions 
might represent precursor lesions for the associated tumors (i.e., a manifestation of 
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FIGURE 1. Field cancerization and multistep tumorigenesis. 




a mid tistep tumorigenesis process). For example, studies of the premalignant lesions 
adjacent to head and neck tumors have provided evidence for a gradual accumulation 
of genetic alterations accompanied by evidence for dysregulation of cellular control 
mechanisms (e.g., alterations in expression of PCNA, EGFR, TGF-p, p53, and 
cyclinDl). 25 " 28 

These types of studies have now also been applied to the target epithelium of indi- 
viduals at increased risk for aerodigestive tract cancer (i.e., individuals with a chron- 
ic smoking/alcohol history and/or prior aerodigestive tract cancer). Several groups 
(using polymerase chain reaction, PCR, analysis of microdissected epithelium) have 
now demonstrated the presence of clonal outgrowths in the target premalignaut epi- 
thelium of individuals at increased risk for cancer. 29 " 31 For example, examination of 
bronchial biopsies derived from individuals with a 20 pack-year smoking history 
demonstrated that 76% of the cases showed evidence for LOH (3pl4, 9p21, or 
17pl3) in at least one of six lung biopsy sites; On a per site basis, some form of LOH 
was observed in 25% of the sites examined. 29 

If aerodigestive tract cancer development reflects a field cancerizatiou process 
involving multistep events, then risk and response iuformation should be able to be 
derived from random biopsies or exfoliated cells from the field at risk or from assess- 
ments of tissue undergoing similar processes. Hypothetically, lesions exhibiting the 
greatest degree of genomic instability, clonal outgrowth, and abnormal epithelial 
regulation would be at the highest relative aerodigestive tract cancer risk. Similarly, 
an active chemopreveutive intervention might be expected to decrease these mani- 
festations of risk. Reduced risk manifestations include decreased levels of ongoing 
genetic instability, decreased frequency of clonal outgrowths, and increased epithe- 
lial growth regulation. 
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THE MEASUREMENT OF CHROMOSOME INSTABILITY USING 
CHROMOSOME IN SITU HYBRIDIZATION 

Molecular genetic techniques, while extremely useful for detecting clonal chang- 
es in targets tissues, are somewhat limited in their ability to detect random genetic 
instability. Conventional cytogenetic assays are useful for detecting chromosome 
instability and clonal chromosome changes. However, they require numbers of 
dividing cells for karyotypic analysis that are difficult to attain in the setting of biop- 
sies acquired during the course of a chemoprevention trial. A technique was there- 
fore needed that would allow chromosome instability measurements in situations 
where few cells are available (e.g. small biopsies, brushings, or sputum samples) and 
where the target material might be fixed. It was also desirable to bave a technique 
that would be adaptable to tissue sections, whereby spatial information could be 
retained and genotype/phenotype associations could be determined on the same or 
adjacent tissue sections. The technique of in situ hybridization (ISH) involves the 
use of DNA probes that recognize either chromosome-specific repetitive target 
sequences, chromosome single gene copy sequences, or sequences along the whole 
chromosome length or chromosome segments. 32 We have adapted the ISH technique 
for formalin-fixed, paraffin-embedded tissue sections and have applied it to a variety 
of tissues, including the aerodigestive tract. 33 * 34 

Usiug probes that label the centromere regions of specific chromosomes, this 
assay permits determination of the average chromosome number per cell for each 
specimen. This assay is also useful for detecting generalized chromosome instability 
during the turoorigenesis process. Normal diploid populations should have two cop- 
ies of each autosomal chromosome and should rarely show three or more chromo- 
some copies per cell (chromosome polysemy), especially in tissue sections where 
nuclear truncation results in an under-representation of chromosome copy number. 
Thus, the detection of cells with three or more chromosome copies would indicate 
the presence of chromosome instability. 

To examine this technique's potential for characterizing the multistep tumorigen- 
esis process in the aerodigestive tract, we measured the fraction of cells exhibiting 
three or more chromosome copies in apparently contiguous epithelial transitions 
from normal to hyperplastic to dysplastic to carcinomas, all on a single tissue slice 
of head and neck squamous cell carcinomas. 34 In these specimens, greater than 35% 
of the cases of adjacent "normal" epithelium, greater than 65% of the cases of hyper- 
plastic epithelium, and greater than 95% of the dysplastic and tumor regions showed 
evidence of chromosome polysotny. Of interest, similar transitions of chromosome 
instability were observed with at least four different chromosome probes. Similar 
trends have also been observed in amenable tissue from other epithelial malignan- 
cies, including cervix, bladder, and breast. 35 These results thus suggested that the 
notions of field cancerization and multistep tumorigenesis might apply to several 
epithelial tissues and that measures of chromosome instability might be useful for 
monitoring this process. 

In the situations described above, the premaliguant lesions examined might be 
considered to represent epithelium at 100% risk of being in a cancer field, since they 
were located in the adjacent epithelium to the cancer. This then raises the question 
of the nature of genetic instability in the epithelium of individuals at increased risk 
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for developing cancer. Tb explore this issue, we obtained biopsies during the course 
of leukoplakia chemoprevention trials exploring the use of 13-cw-retinoic acid in 
reversing leukoplakia and probed them for genetic instability using in situ hybridiza- 
tion. In one retrospective study and in one prospective study of subjects with oral 
leukoplakia, the results indicate that those subjects whose pretreatment biopsies har- 
bor relatively high levels of genomic instability (i.e., more than 3% of the cells 
examined showing at least 3 chromosome 9 copies per cell) have a significantly 
higher likelihood of suffering early onset of head and neck cancer. 36,37 Interestingly, 
half of the tumors that did develop occurred away from the biopsy site used to mea- 
sure genetic instability. This result suggests that genomic instability measurements 
in carcinogen-exposed tissue can provide useful cancer risk estimates. 



THE RELATIONSHIP BETWEEN TOBACCO EXPOSURE AND 
CHROMOSOME INSTABILITY 

In recent years, the aerodigestive tract chemoprevention group at M.D. Anderson 
Cancer Center has initiated three sequential biomarker-associated chemoprevention 
trials involving chronic smokers with a greater than 20 pack-year smoking history. 
In each of these studies, endobronchial biopsies were obtained from six defined sites 
within the lung, including the carina and at bifurcation points at the upper, middle, 
and lower right lung and at the upper and lower left lung. Biopsies were obtained pri- 
or to and following chemopreventive intervention and were subjected to in situ 
hybridization analysis in addition to analyses for other biomarkers. The first impor- 
tant finding was that some degree of chromosome polysomy was evident in all lung 
sites examined, and this was observed independently of the particular chromosome 
probe utilized. 38 This finding supports the notion that random chromosome changes 
may be occurring throughout the exposed lung field. 

In a second study, bronchial biopsies were obtained from individuals with a 20 
pack-year smoking history. In this study, most of the subjects involved were current 
smokers. 39 Interestingly, all cases who showed metaplasia at one of six biopsy sites 
also showed chromosome polysomy in at least oue biopsy site; overall, 88% of the 
sites showed some evidence of chromosome 9 polysomy. 40 Evidence for genetic 
instability was also detected in patients who did not show evidence of bronchial 
metaplasia in any of six biopsy sites despite a strong smoking history. In fact, more 
than 90% of the cases and more than 60% of the sites showed significant chromo- 
some polysomy (i.e., at least three copies in at least 2 % of the cells examined). 
These results suggest that the lungs of long-term smokers show significant evidence 
of genetic instability, and this instability can be detected throughout the accessible 
bronchial tree, even when bronchial metaplasia is not evident. 

These studies in current smokers has allowed us to examine the relationship 
between the levels of genetic instability detected and subject characteristics such as 
smoking status (current or former), smoking history, and lung tissue pathologic 
changes. E valuable biopsy material has now been obtained from more than 108 cur- 
rent smokers, including more than 480 evaluable biopsy sites. The mean metaplasia 
index in these current smokers was 30.4%. For the total population studied, the 
median chromosome index for the bronchial biopsies was 1.41 (range, 1.04-1.61) 
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and the median chromosome polysomy index was 2.0% (range 0-8.7%). This can be 
compared to a mean chromosome index between 1.2-1.4 for lymphocytes and very 
rare chromosome polysomy. Interestingly, the intrasubject variability in chromo- 
some instability was relatively low in most subjects and was less than the intersub- 
ject variability. These results suggested that chronic smokers harbor detectable 
chromosome instability throughout the accessible bronchial tree (supporting the 
field carcinogenesis notion) and that information from one biopsy site might yield 
representative information for the rest of the lung field. 

■ Since most of the current smokers exhibited bronchial metaplasia in at least one 
of the biopsied sites, this allowed us to examine the relationship between chromo- 
some instability and histologic changes, both on a site-by-site basis and on a per case 
basis. On a site-by-site basis, the chromosome indices of lesions showing squamous 
metaplasia were similar to those not showing metaplasia (i.e., median 1 .43 vs. 1.43), 
and the degree of chromosome polysomy in metaplastic lesions were only slightly 
higher than in non-metaplastic sites (medians: 2.2% vs. 1.8%, respectively). Thus, 
the presence or absence of squamous metaplasia at a biopsy site does not necessarily 
correlate with the degree of underlying genomic instability. On the other hand, those 
subjects with metaplasia indices of at least 15% also showed higher levels of chro- 
mosome polysomy than did subjects with metaplasia index below 15% (medians: 
2.4% vs. 1.8%, p = 0.005). Thus, these chromosome instability assessments in cur- 
rent smokers appeared to reflect a more global process in the lung field. 

Tobacco exposure has been shown to significantly increase the risk of developing 
lung cancer, and the degree of risk is related to the extent of tobacco exposure. We 
were interested in detennining the relationship between individuals 1 smoking histo- 
ry parameters and the levels of chromosome change found in their lungs following 
years of tobacco exposure. While there was significant intersubject variation for sim- 
ilar tobacco exposure histories, overall there was a significant correlation between 
the degree of chromosome polysomy and the intensity of ongoing tobacco exposure 
(packs/day, p ~ 0.02 on a per site basis) and with the extent of tobacco exposure 
(pack-years, p - 0.003). Thus the amount of chromosome polysomy reflects the 
intensity and extent of tobacco exposure. At the same time, individuals with similar 
smoking histories showed widely divergent amounts of chromosome polysomy pos- 
sibly reflecting differences in intrinsic sensitivity between subjects. There was also 
strong correlation between the chromosome index and the duration of the smoking 
history (smoking years) and total accumulated exposure (pack-years, /; = 0.0001). 
These results suggest that tobacco exposure is associated with the initiation and 
accumulation of chromosome instability in the exposed lung; however individuals 
are differentially sensitive to carcinogenic insult. The working hypothesis is that 
those individuals who accumulate the highest degree of chromosome changes will 
be at the highest lung cancer risk. 

Many of the bronchial biopsies from chronic smokers examined by in situ hybrid- 
ization showed a rise in the chromosome index above that expected for a diploid cell 
population, especially in subjects with an extensive smoking history. The rise in 
chromosome index was also accompanied by an increase in the fraction of cells 
exhibiting at least 3 chromosome copies per cell. Tb determine if a rise in the tissue 
chromosome index was due to clonal expansion of populations with chromosome tri- 
somy, the chromosome copy number and relative coordinates of each cell scored in 
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the bronchial epithelium was recorded and a spatial genetic map was created. 41 We 
then developed algorithms for calculating localized chromosome indices within the 
tissue. Since trisomic clones would have, on average, three chromosomes instead of 
two, those cells involved in neighborhoods with chromosome indices three-halves 
that of diploid populations could be marked as being part of a trisomic clone. Simi- 
larly, groups of cells with chromosome indices half that of diploid populations could 
be marked as being part of a monosomic clone. This allowed the generation of a sec- 
ond-order, two-dimensional genetic map representation of the bronchial epithelium 
showing the relative locations of cells involved in monosomic and trisomic clonal 
outgrowths. When adjacent tissue sections from the same bronchial biopsy were 
probed separately for different chromosomes, the detected clones appeared to occu- 
py separate subregions of the epithelium. This result suggests that not only are the 
lungs of chronic smokers undergoing a process of genetic instability, they are expe- 
riencing the outgrowth of multiple clones throughout the exposed lung field, as pos- 
tulated by the models shown in Figures 1 and 2. One advantage of this clonal 
approach is that the contribution of both monosomic and multisomic clones can be 
detected. 

Since smoking cessation has been suggested to reduce the lung cancer risk, it was 
of interest to determine whether the levels of chromosome instability would decrease 
following smoking cessation. This question was possible to examine because our 
third sequential chemoprevention trial involved subjects who had discontinued 
smoking. So far, more than 220 subjects (more than 650 biopsies) who have quit 
smoking (mean 9.9 quit-years) have been evaluated for chromosome instability in 
their luugs. Despite the fact that the mean metaplasia index iu this group is 5.8% 
(considerably less than diat in current smokers), chromosome instability is still 
observed in the majority of subjects. 42 While the mean chromosome polysomy level 
is reduced to 1.0%, some individuals continue to show polysomy levels above 5%. 
Interestingly, while the overall chromosome polysomy levels were reduced in these 
individuals who stopped smoking, the mean chromosome index remained at about 
1 .4 with some individuals exhibiting chromosome indices as high as 1 .8. Initial chro- 
mosome mapping studies suggest that while random chromosome instability seems 
to decrease following smoking cessation, the clonal outgrowths may remain for 
( many years in the lung. The working hypothesis is that those individuals who show 
the greatest degree of remaining chromosome instability are at the highest lung can- 
cer risk despite smoking cessation. Long-term follow-up on these subjects will be 
necessary to test this hypothesis. 



SUMMARY AND CONCLUSIONS 

Aerodigestive tract tumorigenesis appears to be a multistep process taking place 
throughout the tissue fields of exposure. When viewed in the context of chromosome 
changes, carcinogen exposure appears to be associated with the random acquisition 
of chromosome polysomy throughout the exposed field, the degree of which is relat- 
ed to the degree and extent of carcinogen exposure as well as to the instrinsic suscep- 
tibility of the exposed individual. Continued exposure leads to continued acquisition 
of new changes and, in association with chronic wound-healing processes, to the 
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accumulation of clonal outgrowths throughout the target tissue. Although the ulti- 
mate malignancy may occur in only one or few tissue sites, manifestations of the 
instability process that drives tumorigenesis is globally present in the tissue. Thus 
random biopsies may provide useful risk information for the exposed field as a 
whole. Even when carcinogen exposure is reduced or chemopreventive strategies are 
initiated and histologic manifestations, of the tumorigenesis process subside, the 
genetic scars of prior exposure remain in the form of clonal outgrowths and may 
explain continued lung cancer risk in ex-smokers. Future chemoprevention strategies 
need to focus on reducing the degree of chromosome instability and on trying to 
eliminate residual abnormal clonal outgrowths in the aerodigestive tract. In this set- 
ting, the measurement of chromosome instability in the target tissue will be useful in 
assessing cancer risk as well as response to intervention. 



The studies reviewed here represent one component of the collaborative efforts 
of the Aerodigestive Tract Chemoprevention team at The University of Texas M.D. 
Anderson Cancer Center, Houston, Texas. The studies were supported in part by 
National Institutes of Health-National Cancer Institute Grants CA 52051, CA 68437, 
CA 79437, CA 16672, CA 68089, CN 25433, CA 86390, CA 70907, NIH DE 13157, 
and the State of Texas Tobacco Research Fund. 
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Aneuploidy and cancer 

Subrata(Sen, PhD 



Numeric aberrations in chromosomes, referred to as aneu- 
ploidy, is commonly observed in human cancer. Whether aneu- 
ploidy is a cause or consequence of cancer has long been 
debated. Three lines of evidence now make a compelling case 
for aneuploidy being a discrete chromosome mutation event 
that contributes to malignant transformation and progression 
process. First, precise assay of chromosome aneuploidy in 
several primary tumors with in situ hybridization and compara- 
tive genomic hybridization techniques have revealed that 
specific chromosome aneusbmies correlate with distinct tumor 
phenotypes. Second, aneuploid tumor ceil lines and in vitro 
transformed rodent cells have been reported to display an 
elevated rate of chromosome instability, thereby indicating that 
aneuploidy is a dynamic chromosome mutation event associ- 
ated with transformation of cells. Third, and most important, a 
number of mitotic genes regulating chromosome segregation 
have been found mutated in human cancer cells, implicating 
such mutations in induction of aneuploidy in tumors. Some of 
these gene mutations, possibly allowing unequal segregations 
of chromosomes, also cause tumorigenic transformation of 
cells in vitro. In this review, the recent publications investigat- 
ing aneuploidy in human cancers, rate of chromosome instabil- 
ity in aneuploidy tumor celts, and genes implicated in regulat- 
ing chromosome segregation found mutated in cancer cells 
are discussed. Curr Opin Oncol 2000, 12:82-88 £ 2000 Lipprncott Williams 
& Wilkins, Inc. 
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Cancer research over the past decade has firmly estab- 
lished that malignant cells accumulate a large number of 
genetic mutations that affect differentiation, prolifera- 
tion* and cell death processes. In addition, it is also 
recognized that most cancers are clonal, although they 
display extensive heterogeneity with respect to kary- 
otypes and phenotypes of individual clonal populations. 
It is estimated that numeric chromosomal imbalance, 
referred to as aneuploidy y is the most prevalent genetic 
change recorded among over 20,000 solid tumors 
analyzed thus far [1J. Phenotypic diversity of the clonal 
populations in individual tumors involve differences in 
• morphology, proliferative properties, antigen expression, 
drug sensitivity, and metastatic potentials. It has been 
proposed that an underlying acquired genetic instability 
is responsible for the multiple mutations detected in 
cancer cells that lead to tumor heterogeneity and 
progression [2]. In a somewhat contradictory argument, 
it has also been suggested that clonal expansion due to 
selection of cells undergoing normal rates of mutation 
can explain malignant transformation and progression 
process in humans '[3], Acquired genetic instability, 
nonetheless, is considered important for more rapid 
progression of the disease [4»»]. Although the original 
hypothesis on genetic instability in cancer primarily 
focused on chromosome imbalances in the form of aneu- 
ploidy in tumor cells, the actual relevance of such muta- 
tions in cancer remains a controversial issue. 

Whether or not aneuploidy contributes to the malignant 
transformation and progression process has long been 
debated. A prevalent idea on genetics of cancer referred 
to as "somatic gene mutation hypothesis" contends that 
gene mutations at the nucleotide level alone can cause 
cancer by either activating cellular proto-oncogenes to 
dominant cancer causing oncogenes and/or by inactivat- 
ing growth inhibitory tumor suppressor genes. In this 
scheme of things chromosomal instability in the form of 
aneuploidy is a mere consequence rather than a cause of 
malignant transformation and progression process. 

In this review, some of the recent observations on the 
subject are discussed and compelling evidence is 
provided to suggest that aneuploidy is a distinct form of 
genetic instability in cancer that frequently correlates 
with specific phenotypes and stages of the disease. 
Furthermore, discrete genetic targets affecting chromo- 
somal stability in cancer cells, recently identified, arc 
also discussed. These data provide a new direction 
toward elucidating the molecular mechanisms rcsponsi- 
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ble for induction of aneuploidy in cancer and may even- 
tually be exploited as novel therapeutic targets in the 
future. 

Genetic alterations in cancer 

Alterations in many genetic loci regulating growth, 
senescence, and apoptosis, identified in tumor cells, 
have led to the current understanding of cancer as a 
genetic disease. The genetic changes identified in 
tumors include: subtle mutations in genes at the 
nucleotide level; chromosomal translocations leading to 
structural rearrangements in genes; and numeric 
changes in either partial segments of chromosomes or 
whole chromosomes (aneuploidy) causing imbalance in 
gene dosage. 

For the purpose of this review, both segmental and whole 
chromosome imbalances leading to altered DNA dosage 
in cancer cells are included as examples of aneuploidy. 

Incidence of aneuploidy in cancer 

Evidence of aneuploidy involving one or more chromo- 
somes have been commonly reported in human tumors. 
Although these observations were initially made using 
classic cytogenetic techniques late in a tumor's evolu- 
tion and were difficult to correlate with cancer progres- 
sion, more recent studies have reported association of 
specific nonrandom chromosome aneuploidy with 
different biologic properties such as loss of hormone 
dependence and metastatic potential [5]. 

Classic cytogenetic studies performed on tumor cells 
had serious limitations in scope because they were 
applicable only to those cases in which mitotic chromo- 
somes could be obtained. Because of low spontaneous 
rates of cell division in primary tumors, analyses 
depended on cells either derived selectively from 
advanced metastases or those grown in vitro for variable 
periods of time. In both instances, metaphases analyzed 
represented only a subset of primary tumor cell popula- 
tion. Two major advances in cytogenetic analytic tech- 
niques, in situ hybridization (ISH) and comparative 
genomic hybridization (CGH), have allowed better reso- 
lution of chromosomal aberrations in freshly isolated 
tumor cells [6]. ISH analyses with chromosome-specific 
DNA probes, a powerful adjunct to metaphasic analysis, 
allows assessment of chromosomal anomalies within 
tumor cell populations in the contexts of whole nuclear 
architecture and tissue organization. CGH allows 
genome wide screening of chromosomal anomalies 
without the use of specific probes even in the absence 
of prior knowledge of chromosomes involved. Although 
both techniques have certain limitations in terms of 
their resolution power, they nonetheless provide a 
better approximation of chromosomal changes occurring 
among tumors of various histology, grade, and stage 



compared with what was possible with the classic cyto- 
genetic techniques. Genomic ploidy measurements 
have also been performed at the DNA level with flow 
cytometry and cytofluorometric methods. Although 
these assays underestimate chromosome ploidy due to a 
chromosomal gain occasionally masking a chromosomal 
loss in the same cell, several studies using these 
methods have supported the conclusion that DNA 
aneuploidy closely associates with poor prognosis in 
various cancers [7,8]. This discussion of some recent 
examples published on aneuploidy in cancer includes 
discussion of studies dealing with DNA ploidy measure- 
ments as well. Most of these observations are correlative 
without direct proof of specific involvement of genes on 
the respective chromosomes. Identification of putative 
oncogenes and tumor suppressor genes on gained and 
lost chromosomes in aneuploid tumors, however, are 
providing strong evidence that chromosomes involved in 
aneuploidy play a critical role in the tumorigenic 
process. 

In renal tumors, either segmental or whole chromosome 
aneuploidy appears to be uniquely associated with 
specific histologic subtypes 19). Tumors from patients 
with hereditary papillary renal carcinomas (HPRC) 
commonly show trisomy of chromosome 7, when 
analyzed by CGH. Germline mutations of a putative 
oncogene MET have been detected in patients with 
HPRC. A recent study (10] has demonstrated that an 
extra copy of chromosome 7 results in nonrandom dupli- 
cation of the mutant MET allele in HPRC, thereby 
implicating this trisomy in tumorigenesis. The study 
suggested that mutation of MET may render the cells 
more susceptible ro errors in chromosome replication, 
and chat clonal expansion of cells harboring duplicated 
chromosome 7 reflects their proliferative advantage. In 
addition to chromosome 7, trisomy of chromosome 17 in 
papillary tumors and also of chromosome 8 in mesoblas- 
tic nephroma are commonly seen. Association of specific 
chromosome imbalances with benign and malignant 
forms of papillary renal tumors, therefore, not only 
contribute to an understanding of tumor origins and 
evolution, but also implicate aneuploidy of the respec- 
tive chromosomes in the tumorigenic transformation 
process. 

In colorectal tumors* chromosome aneuploidy is a 
common occurrence. In fact, molecular allelotyping 
studies have suggested that limited karyotyping data 
available from these tumors actually underestimate the 
true extent of these changes. Losses of heterozygosity 
reflecting loss of the maternal or paternal allele in 
tumors are widespread and often accompanied by a gain 
of the opposite allele. Therefore, for example, a tumor 
could lose a maternal chromosome while duplicating 
the same paternal chromosome, leaving the tumor cell 
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with a normal karyotype and ploidy but an aberrant 
allclotypc. It has been estimated that cancer of the 
colon, breast, pancreas, or prostate may lose an average 
of 25% of its alleles. It is not unusual to discover that a 
tumor has lost over half of its alleles [4], In clinical 
settings. DNA ploidy measurements have revealed that 
DNA aneuploidy indicates high risk of developing 
severe premalignant changes in. patients with ulcerative 
colitis, who are known to have an increased risk of 
developing colorectal cancer [11]. DNA aneuploidy has 
been found to be one of the useful indicators of lymph 
node metastasis in patients with gastric carcinoma and 
associated with poor outcome compared with diploid 
cases [12,13]. CGH analyses of chromosome aneu- 
ploidy, on the other hand, was reported to correlate gain 
of chromosome 20q with high tumor S phase fractions 
and loss of 4q with low tumor apoptotic indices [14], 
Aneuploidy of chromosome 4 in metastatic colorectal 
cancer has recently been confirmed in studies that used 
unbiased DNA fingerprinting with arbitrarily primed 
polymerase chain reactions to detect moderate gains 
and losses of specific chromosomal DNA sequences 
[15]. The molecular karyotype (arnplotype) generated 
from colorectal cancer revealed that moderate gains of 
sequences from chromosomes 8 and 13 occurred in 
most tumors, suggesting that overrepresentation of 
these chromosomal regions is a critical step for metasta- 
tic colorectal cancer. 

In addition to being implicated in tumorigenesis and 
correlated with distinct tumor phenotypes, chromosome 
aneuploidy has been used as a marker of risk assessment 
and prognosis in several other cancers. The potential 
value of aneuploidy as a noninvasive tool to identify 
individuals at high risk of developing head and neck 
cancer appears especially promising. Interphase fluores- 
cence in situ hybridization (FISH) revealed extensive 
aneuploidy in tumors from patients with head and neck 
squamous cell carcinomas (HNSCC) and also in clini- 
cally normal distant oral regions from the same individu- 
als [16,17]. It has been proposed that a panel of chromo- 
some probes in FISH analyses may serve as an 
important tool to detect subclinical tumorigenesis and 
for diagnosis of residual disease. The presence of aneu- 
ploid or tctraploid populations is seen in 90% to 95% of 
esophageal adenocarcinomas, and when seen in 
conjunction with Barrett's esophagus, a premalignant 
condition, predicts progression of disease [18,19], 
Chromosome ploidy analyses in conjunction with loss of 
heterozygosity and gene mutation studies in Barrett's 
esophagus reflect evolution of neoplastic cell lineages in 
vivo [20]. Evolution of neoplastic progeny from Barrett's 
esophagus following somatic genetic mutations 
frequently involves bifurcations and loss of heterozygos- 
ity at several chromosomal loci leading to aneuploidy 
and cancer. Accordingly, it is hypothesized that during 



tumor cell evolution diploid cell progenitors with 
somatic genetic abnormalities undergo expansion with 
acquired genetic instability. Such instability, often 
manifested in the form of increased incidence of aneu- 
ploidy, enters a phase of clonal evolution beginning in 
premalignant cells that proceeds over a period of time 
and occasionally leads to malignant transformation. The 
clonal evolution continues even after the emergence of 
cancer. 

The significance of DNA and chromosome aneu- 
ploidy in other human cancers continue to be evalu- 
ated. Among papillary thyroid carcinomas, ancuploid 
DNA content in tumor cells was reported to correlate 
with distant metastases, reflecting worsened progno- 
sis [21]. Genome wide screening of follicular thyroid 
tumors by CGI 1, on the other hand, revealed frequent 
loss of chromosome 22 in widely invasive follicular 
carcinomas [22]. Chromosome copy number gains in 
invasive neoplasm compared with foci of ductal carci- 
noma /// situ (DC IS) with similar histology have been 
proposed to indicate involvement of aneuploidy in 
progression of human breast cancer [23], ISH analyses 
of cervical intraepithelial neoplasia has provided 
suggestive evidence that chromosomes 1, 7 and X 
ancusomy is associated with progression toward cervi- 
cal carcinoma [24]. 

Although the prognostic value of numeric aberrations 
remains a matter of debate in human hematopoietic 
neoplasia, there have been recent studies to suggest that 
the presence of monosomy 7 defines a distinct subgroup 
of acute myeloid leukemia patients [25]. It is interesting 
in this context that therapy-related rnyelodysplastic 
syndromes have been reported to display monosomy 5 
and 7 karyotypes, reflecting poor prognosis [26]. 

The clinical observations, mentioned previously, are 
supported by /// vitro studies in human and rodent cells in 
which aneuploidy is induced at early stages of transforma- 
tion [27,28]. It is even suggested that aneuploidy may 
cause cell immortalization, in some instances, that is a 
critical step proceeding transformation. 

Finally, in an interesting study to develop transgenic 
mouse models of human chromosomal diseases, chromo- 
some segment specific duplication and deletions of the 
genome were reported to be constructed in mouse 
embryonic stem cells |29|. Three duplications for a 
portion of mouse chromosome 11 syntenic with human 
chromosome 17 were established in the mouse 
germ line. Mice with I Mb duplication developed corneal 
hyperplasia and thymic tumors. The findings represent 
the first transgenic mouse model of aneuploidy of a 
defined chromosome segment that documents the direct 
role of chromosome ancusomy in tumorigenesis. 
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Aneuploidy as "dynamic cancer-causing 
mutation" instead of a "consequential state" 
in cancer 

According to the hypothesis previously discussed, aneu- 
ploidy represents either a "gain of function" or "loss of 
function" mutation at the chromosome level with a 
causative influence on the tumorigencsis process. The 
hypothesis, however, is based only on circumstantial 
evidence even chough existence of aneuploidy is corre- 
lated with different tumor phenotypes. The existence of 
numeric chromosomal alterations in a tumor does not 
mean that the change arose as a dynamic mutation due 
to genomic instability, because several factors could lead 
to consequential aneuploidy in tumors, also. Although 
aneuploidy as a dynamic mutation due to genomic insta- 
bility in tumor cells would occur at a certain measurable 
rate per cell generation, a consequential state of aneu- 
ploidy in tumors may not occur at a predictable rate 
under similar conditions or in tumors with similar 
phenotypes. In addition to genomic instability, differ- 
ences in environmental factors with selective pressure, 
could explain high incidence of aneuploidy and other 
somatic mutations in tumors compared with normal cells 
[4]. These include humoral, cell substratum, and cell- 
cell interaction differences between tumor and normal 
cell environments. It could be argued that despite 
similar rates of spontaneous aneuploidy induction in 
normal and tumor cells, the latter are selected to prolif- 
erate due to altered selective pressure in the tumor cell 
environment, whereas the normal cells are eliminated 
through activation of apoptosis. Alternatively, of course, 
one could postulate that selective expression or ovcrcx- 
pression of anti-apoptotic proteins or inactivation of 
proapoptotic proteins in tumor cells may counteract 
default induction of apoptosis in G2/M phase cells 
undergoing misscgrcgation of chromosomes. Recent 
demonstration of ovcrcxprcssion of a G2/M phase anti- 
apoptotic protein survivin in cancer cells [30] suggests 
that this protein may favor aberrant progression of aneu- 
ploid transformed cells through mitosis. This would 
then lead to proliferation of aneuploid cell lineages, 
which may undergo clonal evolution. 

To ascertain that aneuploidy is a dynamic mutational 
event, various human tumor cell lines and transformed 
rodent cell lines have been analyzed for the rate of 
aneuploidy induction. When grown under controlled in 
vitro conditions, such conditions ensure that environ- 
mental factors do not influence selective proliferation of 
cells with chromosome instability. In one study, 
Lcngauer et at. [31 •) provided unequivocal evidence by 
FISH analyses that losses or gains of multiple chromo- 
somes occurred in excess of 10" 2 per chromosome per 
generation in aneuploid colorectal cancer cell lines. The 
study further concluded that such chromosomal instabil- 
ity appeared to be a dominant trait. Using another in 



vitro model system of Chinese hamster embryo (CHK) 
cells, Duesberg et al, [32*] have also obtained similar 
results. With clonal cultures of CHE cells, transformed 
with nongenotoxic chemicals and a mitotic inhibitor, 
these authors demonstrated that the overwhelming 
majority of the transformed colonies contained more 
than 50% aneuploid cells, indicating that aneuploidy 
would have originated from the same cells that under- 
went transformation. All the transformed colonies tested 
were tumorigenic. It was further documented that the 
ploidy factor representing the quotient of the modal 
chromosome number divided by the normal diploid 
number, in each clone, correlated directly with the 
degree of chromosomal instability. Therefore, chromo- 
somal instability was found proportional to the degree of 
aneuploidy in the transformed cells and the authors 
hypothesized that aneuploidy is a unique mechanism of 
simultaneously altering and destabilizing, in a massive 
manner, the normal cellular phenotypes. Tn the absence 
of any evidence that the transforming chemicals used in 
the study did not induce other somatic mutations, it is 
difficult to rule out the contribution of such mutations 
in the transformation process. These results nonetheless 
make a strong case for aneuploidy being a dynamic chro- 
mosome mutation event intimately associated with 
cancer. 

Aneuploidy versus somatic gene mutation in 
cancer 

The idea that numeric chromosome imbalance or aneu- 
ploidy is a direct cause of cancer was proposed at the 
turn of the century by Theodore Boveri [33]. However, 
the hypothesis was largely ignored over the last several 
decades in favor of the somatic gene mutation hypothe- 
sis, mentioned earlier. Evidence accumulating in the 
literature lately on specific chromosome aneusomies 
recognized in primary tumors, incidence of aneuploidy 
in cells undergoing transformation, and aneuploid tumor 
cells showing a high rate of chromosome instability have 
led to the rejuvenation of BoverPs hypothesis. The 
concept has recently been discussed as a "vintage wine 
in a new bottle" 13-4*1. The author points out that 
except for rare cancers caused by dominant retroviral 
oncogenes, diploidy docs not seem to occur in solid 
tumors, whereas aneuploidy is a rule rather than excep- 
tion in cancer. 

Aneuploidy as an effective mutagenic mechanism 
driving tumor progression, on the other hand, is being 
recognized as a viable solution to the paradox that with 
known mutation rate in non-gcrmlinc cells (~10~ 7 per 
gene per cell generation) tumor cell lineages cannot 
accumulate enough mutant genes during a human life- 
time [35]. The concept is gaining significant credibility 
since genes that potentially affect chromosome segrega- 
tion were found mutated in human cancer. Some of 
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these genes have also been shown to have transforming 
capability in in vitro assays. Selected recent publications 
describing the findings are being discussed below in 
reference to the mitotic targets potentially involved in 
inducing chromosome segregation anomalies in cells. 

Potential mitotic targets and molecular 
mechanisms of aheuploidy 

Because aneuploidy represents numeric imbalance in 
chromosomes, it is reasonable to expect that aneuploidy 
arises due to missegregation of chromosomes during cell 
division. There are many potential mitotic targets, 
which could cause unequal segregation of chromosomes 
(Fig. 1). Recent investigations have identified several 
genes involved in regulating these mitotic targets and 
mitotic checkpoint functions, which can be implicated 
in induction of aneuploidy in tumor cells. This discus- 
sion is restricted to those mitotic targets and checkpoint 
genes whose abnormal functioning has been observed in 
cancer or has been shown to cause tumori genie transfor- 
mation of cells, in recent years. The role of telomeres is 
discussed elsewhere in this issue. For a more detailed 
description of the components of mitotic machinery and 
their possible involvement in causing chromosome 
segregation abnormalities in tumor cells, readers may 
refer to a recently published review [36*]. 

Among the mitotic targets implicated in cancer, centro- 
somc defects have been observed in a wide variety of 
malignant human tumors. Centrosomes play a central role 
in organizing the microtubule network in interphase cells 
and mitotic spindle during cell division. Multipolar 
mitotic spindles have been observed in human cancers in 
situ and abnormalities in the form of supernumerary 

Figure 1. Potential mitotic targets causing aneuploidy in 
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Diagram illustrates that defects in several processes involving chromosomal, 
epindle microtubule, and centrosomal targets, in addition to abnormal cytokine- 
sis, may cause unequat partitioning of chromosomes during mitosis, leading to 
anouploidy. Rocontly obtained evidonco in favor of some of these possibilities is 
discussed in the text 



centrosomes, centrosomes of aberrant size and shape as 
well as aberrant phosphorylation of centrosome proteins 
have been reported in prostate, colon, brain, and breast 
tumors [37,38|. In view of the findings that abnormal 
centrosomes retain the ability to nucleate microtubules in 
virrv y it is conceivable that cells with abnormal centro- 
somes may mis segregate chromosomes producing aneu- 
ploid cells. The molecular and genetic bases of abnormal 
centrosome generation and the precise pathway through 
which they regulate the chromosome segregation process 
remain to be elucidated. Recent discovery of a centro- 
some-associated kinase S TK 1 5/BTAK/aurora2, naturally 
amplified and overexpressed in human cancers, has raised 
the interesting possibility that aberrant expression of this 
kinase is critically involved in abnormal centrosome func- 
tion and unequal chromosome segregation in tumor cells 
[39,40]. Exogenous expression of the kinase in rodent and 
human cells was found to correlate with an abnormal 
number of centrosomes, unequal partitioning of chromo- 
somes during division, and tumorigenic transformation of 
cells. It is relevant in this context to mention that the 
Xenopus homologue of human STK15/BTAK/aurora2 
kinase has recently been shown to phosphorylate a micro- 
tubule motor protein XIEgS, the human orthologue of 
which is known to participate in the centrosome separa- 
tion during mitosis [41 J. Findings on STKl5/aurora2 
kinase, thus, provide an interesting lead to a possible 
molecular mechanism of centrosome 's role in oncogene- 
sis. Centrosomes have, of late, been implicated in onco- 
genesis from studies revealing supernumerary centro- 
somes in p53 -deficient fibroblasts and overexprcssion of 
another centrosome kinase PLK1 being detected in 
human non-small cell lung cancer [42]. 

One of the critical events that ensures equal partition- 
ing of the chromosomes during mitosis is the proper 
and timely separation of sister chromatids that are 
attached to each other and to the mitotic spindle. 
Untimely separation of sister chromatids has been 
suspected as a cause of aneuploidy in human tumors. 
Cohesion between sister chromatids is established 
during replication of chromosomes and is retained until 
the next metaphase/anaphase transition. It has been 
shown that during metaphasc-anaphase transition, the 
anaphase promoting complex/cyclosome triggers the 
degradation of a group of proteins called securins that 
inhibit sister chromatid separation. A vertebrate securin 
(v-securin) has recently been identified that inhibits 
sister chromatid separation and is involved in transfor- 
mation and tumorigenesis. Subsequent analysis 
revealed that the human securin is identical to the 
product of the gene called pituitary tumor transforming 
gene, which is overexpressed in some tumors and 
exhibits transforming activity in NIH3T3 cells. It is 
proposed that elevated expression of the v-securin may 
contribute to generation of malignant tumors due to 
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chromosome gain or loss produced by errors in chro- 
matid separation [43»]. 

Normal progression through mitosis during prophase to 
anaphase transition is monitored at least at two check- 
points. One checkpoint operates during early prophase 
at G2 to mctaphase progression while the second 
ensures proper segregation of chromosomes during 
metaphasc to anaphase transition. Several mitotic 
checkpoint genes responding to mitotic spindle defects 
have been identified in yeast. The metaphase-anaphase 
transition is delayed following activation of this check- 
point during which kinctochores remain unattached to 
the spindle. The signal is transmitted through a kineto- 
chore protein complex consisting of Mpslp and several 
Mad and Bub proteins [44], It is expected that for 
unequal chromosome segregation to be perpetuated 
through cell proliferation cycles giving rise to aneu- 
ploidy, checkpoint controls have to be abrogated. 

Following this logic, Vogelstein et aL [45 •] hypothesized 
that aneuploid tumors would reveal mutation in mitotic 
spindle checkpoint genes. Subsequent studies by these 
investigators have proven the validity of this hypothesis 
and a small fraction of human colorectal cancers have 
revealed the presence of mutations in cither hBubl or 
hBubRl checkpoint genes. It was further revealed that 
mutant BUB1 could function in a dominant negative 
manner conferring an abnormal spindle checkpoint 
when expressed exogenously. Inactivation of spindle 
checkpoint function in virally induced leukemia has also 
recently been documented following the finding that 
hMADl checkpoint protein is targeted by the Tax 
protein of the human T-ccIl leukemia virus type 1. 
Abrogation of hMADl function leads to multinucleation 
and aneuploidy 146J. 

In addition to mitotic spindle checkpoint defects, failed 
DNA damage checkpoint function in yeast is frequently 
associated with aberrant chromosome segregation as 
well. It, therefore, appears intriguing yet relevant that 
the human BRCA1 gene, proposed to be involved in 
DNA damage checkpoint function, when mutated by a 
targeted deletion of exon 11 led to defective G2/M cell 
cycle checkpoint function and genetic instability in 
mouse embryonic fibroblasts [47], The cells revealed 
multiple functional centrosomes and unequal chromo- 
some segregation and aneuploidy. Although the molecu- 
lar basis for these abnormalities is not known at this 
time, it raises the interesting possibility that such an 
ancuploidy-drivcn mechanism may be involved in 
tumorigenesis in individuals carrying germline muta- 
tions of BRCA 1 genc. 



Conclusion 

Growing evidence from human tumor cytogenetic inves- 
tigations strongly suggest that aneuploidy is associated 
with the development of tumor phenotypes. Clinical 
findings of correlation between aneuploidy and tumori- 
genesis are supported by studies with in vitro grown 
transformed cell lines. Molecular genetic analyses of 
tumor cells provide credible evidence that mutations in 
genes controlling chromosome segregation during 
mitosis play a critical role in causing chromosome insta- 
bility leading to aneuploidy in cancer. Further elucida- 
tion of molecular and physiologic bases of chromosome 
instability and aneuploidy induction could lead to the 
development of new therapeutic approaches for 
common forms of cancer. 
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homogeneous assay for detecting 
the accumulation of specific PCR prod- 
uct that uses a double-labeled fluoro- 
genic probe was described by Lee et al. (l) 
The assay exploits the 5'->3' nucle- 
olytic activity of Taq DNA poly- 
merase (2,3) and is diagramed in Figure 1. 
The fluorogenic probe consists of an oli- 
gonucleotide with a reporter fluorescent 
dye, such as a fluorescein, attached to 
the 5' end; and a quencher dye, such as a 
rhodamine, attached internally. When 
the fluorescein is excited by irradiation, 
its fluorescent emission will be 
quenched if the rhodamine is close 
enough to be excited through the pro- 
cess of fluorescence energy transfer 
(FET).< 4 ' S) During PCR, if the probe is hy- 
bridized to a template strand, Tag DNA 
polymerase will cleave the probe be- 
cause of its inherent 5' -* 3' nucleolytic 
activity. If the cleavage occurs between 
the fluorescein and rhodamine dyes, it 
causes an increase in fluorescein fluores- 
cence intensity because the fluorescein 
is no longer quenched. The increase in 
fluorescein fluorescence intensity indi- 
cates that the probe-specific PCR product 
has been generated. Thus, FET between a 
reporter dye and a quencher dye is criti- 
cal to the performance of the probe in 
the 5' nuclease PCR assay. 

Quenching is completely dependent 
on the physical proximity of the two 
dyes. (6) Because of this, it has been as- 
sumed that the quencher dye must be 
attached near the 5' end. Surprisingly, 
we have found that attaching a rho- 
damine dye at the 3' end of a probe 
still provides adequate quenching for 
the probe to perform in the 5' nuclease 



PCR assay. Furthermore, cleavage of this 
type of probe is not required to achieve 
some reduction in quenching. Oligonu- 
cleotides with a reporter dye on the 5' 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluores- 
cence when double-stranded as com- 
pared with single-stranded. This should 
make it possible to use this type of dou- 
ble-labeled probe for homogeneous de- 
tection of nucleic acid hybridization. 



OflBgoroueDcsoftitdcss 

Tabie 1 shows the nucleotide sequence 
of the oligonucleotides used in this 
study. Linker arm nucleotide (LAN) 
phosphoramidite was obtained from 
Glen Research. The standard DNA phos- 
phoramidites, 6-carboxyfluorescein (6- 
FAM) phosphoramidite, 6-carboxytet- 
ramethyirhodamine succinimidyl ester 
(TAMRA NHS ester), and Phosphalink 
for attaching a 3 '-blocking phosphate, 
were obtained from Perkin-Elmer, Ap- 
plied Biosystems Division. Oligonucle- 
otide synthesis was performed using an 
ABI model 394 DNA synthesizer (Applied 
Biosystems). Primer and complement 
oligonucleotides were purified using 
Oligo Purification Cartridges (Applied 
Biosystems). Double-labeled probes were 
synthesized with 6-FAM-labeled phos- 
phoramidite at the 5' end, IAN replacing 
one of the T's in the sequence, and Phos- 
phalink at the 3' end. Following de- 
pTOtectlon and ethanol precipitation, 
TAMRA NHS ester was coupled to the 
LAN-containing oligonucleotide in 250 
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FIGURE 1 Diagram of 5' nuclease assay. Stepwise representation of the 5' - 3' nucleolytic ac- 
55S ot ra q DNA ^ymexase acting on a fluorogenic probe during one extension phase of POL 



mM Na-bicarbonate buffer (pH 9.0) at 
room temperature. Unreacted dye was 
removed by passage over a PD-10 Sepha- 
dex column. Finally, the double-labeled 
probe was purified by preparative high- 
performance liquid chromatography 
(HPLC) using an Aquappre C 8 220*4.6- 
mrn column with 7-u,m particle size. The 
column was developed with a 24-min 
linear gradient of 8-20% acetonitrile in 
0.1 m TEAA (triethylamine acetate). 
Probes are named by designating the se- 
quence from Table 1 and the position of 
the 1AN-TAMHA moiety. For example, 
probe Al-7 has sequence Al with LAN- 
TAMRA at nucleotide position 7 from the 
5' end. 



PCK Systems 

All PCR amplifications were performed 
In the Perkin-Elmer GeneAmp PCR Sys- 
tem 9600 using 50-ul reactions that con- 
tained 10 raw Trls-HCl (pH 8.3), 50 mM 
KC1, 200 ftM dATP, 200 dCTP, 200 u-M 
dGTP, 400 u,m dUTP, 0.5 unit of AmpEr- 
ase uracil N-glycosylase (Perkin-Elmer), 
and 1.25 unit of AmpliTaq DNA poly- 
merase (Perkin-Elmer). A 295-bp seg- 
ment from exon 3 of the human p-actin 



gene (nucleotides 2141-2435 In the se- 
quence of Nakajlma-H|ima et al.) (7) was 
amplified using primers AFP and ARP 
(Table 1), which are modified slightly 
from those of du Breuil et al. (B) Actin am- 
plification reactions contained 4 mM 
MgCl 2 , 20 ng of human genomic DNA, 
SO nM Al or A3 probe, and 300 nM each 



TABLE 1 Sequences of Oligonucleotides 



primer. The thermal regimen was 50°C 
(2 min), 95°C (10 min), 40 cycles of 9S°C 
(20 sec), 60°C (1 min), and hold at 72°C. 
A 515-bp segment was amplified from a 
plasmid that consists of a segment of X 
DNA (nucleotides 32,220-32,747) in- 
serted in the Smal site of vector pUC119. 
These reactions contained 3.5 mM 
MgCl* 1 ng of plasmid DNA, 50 nM P2 oir 
P5 probe, 200 nM primer F119, and 200 
nM primer R119. The thermal regimen 
was 50°C (2 min), 95°C (10 min), 25 cy- 
cles of 95°C (20 sec), 57°C (1 min), and 
hold at 72°C 



For each amplification reaction, a 40-pJ 
aliquot off a sample was transferred to an 
individual well of a white, 96-well micro- 
titer plate (Perkin-Elmer). Fluorescence 
was measured on the Perkin-Elmer Taq- 
Man LS-50B System, which consists of a 
luminescence spectrometer with plate 
reader assembly, a 485-nm excitation fil- 
ter, and a S15-nm emission filter. Excita- 
tion was at 488 nm using a 5-nm slit 
width. Emission was measured at 518 
nm for 6-FAM (the reporter or R value) 
and 582 nm for TAMRA (the quencher or 
d value) using a 10-nm slit width. To 
determine the increase in reporter emis- 
sion that is caused by cleavage of the 
probe during PCR, three normalizations 
are applied to the Taw emission data. 
First, emission intensity of a buffer blank 
Is subtracted for each wavelength. Sec- 
ond, emission intensity of the reporter is 



Name 


Type 


F119 


primer 


R119 


primer 


P2 


probe 


P2C 


complement 


PS 


probe 


P5C 


complement 


AFP 


primer 


ARP 


primer 


Al 


probe 


A1C 


complement 


A3 


probe 


A3C 


complement 



Sequence 



ACCCACAGGAACTGATCACCACTC 

ATGTCGCGTTCCGGCTGACGTTGTGC 

TCGCATTACTGATCGTrGCCAACCAGTp 

GTACTGGTTGGCAACGATCAGTAATGCGATG 

CGGA'lTTGCIGGTATCTATGACAAGGATjp 

TTCATCCTTGTCATAGATACCAGCAAATCCG 

TCACCCACACTGTGCCCATCTACGA 
CAGCGGAACCGCrCATTGCCAATGG 
ATGCXCTCCCCC^TGCCATCCIGCGTp 
AGACGCAGGATGGCATGGGGGAGGGCATAC 

CGCCCrGGACTTCGAGCAAGAGATp 
CCATCTCTTG CTCGAAGTCCAGG GCG AC^ 



in the 5' nuclease assay, and complement usea to nyvnu « - - « ^J™* ^ was 
probes, the underlined base indicates a poslUon where IAN with TAMRA attached was 
tuted for a T. (p) The presence of a 3' phosphate on each probe. 
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A1-2 IRAQGCCCnXCCCATXXrCATCCTGCX^Tp 

A1-7 ^ATGCCCQCTCCCATGCCATCCTGCGTp 

A1-14 RATGCCCTCCCCCAQGCCATCCTGCGTp 

A1-10 ^TG(X:CTCCCCCATGCCAQCCTGCGTp 

A 1-22 Hatgccctccxx:catgccatccQgcgtp 

A1 -26 Ratgccctccccca'tgccatcctgcgQp 



Probo 


518 


nun 


582 nm 


RQ- 


RQ* 


ARQ 




no temp. 


+ termj>. 


no temp. 


+ tomp. 








A1-2 


25.5 ±2.1 


32.7 ±1.9 


38.2 ±3.0 


38.212.0 


0.67 ±0.01 


0.B6±0.08 


0.1910.08 


A1-7 


53.5 ±4.3 


395.1 ±21.4 


108.5 ±6.3 


110.3 ±5.3 


0.49 ±0.03 


3.58 ±0.17 


3.09 ±0.18 


A1-14 


127.0 ±4.9 


403.5 ±19.1 


108.7 ±5.3 


93.1 ±6.3 


1.16 ±0.02 


4.34 ±0.15 


3.18 ±0.15 




187.5 ±17.9 


422.7 ±7.7 


70.3 ±7.4 


73.0 ±2.8 


2.67 ±0.05 


5.80 ±0.15 


3.13 ±0.16 


A1-22 


224.6 ±9.4 


482.2 ± 43.6 


100.0 ±4.0 


96.2 ±9.6 


2.25 ±0.03 


5.02 ±0.11 


2.77 ±0.12 


A*-26 


160.2 ±8.9 


454.1 ±18.4 


93.1 ±5.4 


90.7 ±3-2 


1.72 ±0.02 


5.01 ±0.08 


3.29 ±0.08 



FIGURE 2 Results of 5' nuclease assay comparing p-actin probes with TAMRA at different nucle- 
otide positions. As described in Materials and Methods, PCX amplifications containing the in- 
dicated probes were performed, and the fluorescence emission was measured at 518 and 582 nm. 
Reported values aTe the average ±1 s.D. for six reactions run without added template (no temp.) 
and six reactions run with template (+temp.). The RQ ratio was calculated for each individual 
reaction and averaged to give the reported RQ" and RQ + values. 



divided by the emission intensity of the 
quencher to give an RQ ratio for each 
reaction tube. This normalizes for well- 
to-well variations .in probe concentra- 
tion and fluorescence measurement. Fi- 
nally, ARQ is calculated by subtracting 
the RQ value of the no-template control 
(RQ") from the RQ value for the com- 
plete reaction including template 



A series of probes with increasing dis- 
tances between the fluorescein reporter 
and rhodamine quencher were tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease PCR as- 
say. These probes hybridize to a target 



sequence in the human P-actin gene. 
Figure 2 shows the results of an experi- 
ment in which these probes were in- 
cluded in PGR that amplified a segment 
of the p-actin gene containing the target 
sequence. Performance in the S' nu- 
clease PCR assay is monitored by the 
magnitude of ARQ, which is a measure 
of the increase in reporter fluorescence 
caused by PCR amplification of the 
probe target. Probe Al-2 has a ARQ value 
that Is close to zero, indicating that the 
probe was not cleaved appreciably dur- 
ing the amplification reaction. This sug- 
gests that with the quencher dye on the 
second nucleotide from the 5' end, there 
is insufficient room for Taq polymerase 
to cleave efficiently between the reporter 
and quencher. The other five probes ex- 
hibited comparable ARQ values that are 



clearly different from zero. Thus, all five 
probes are being cleaved during PCR am- 
plification resulting in a similar increase 
in reporter fluorescence. It should be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 
in Figure 2 (data not shown). Thus, even 
in reactions where amplification occurs, 
the majority of probe molecules remain 
uncleaved. It is mainly for this reason 
that the fluorescence intensity of the 
quencher dye TAMRA changes little with 
amplification of the target. This is what 
allows us to use the 582-nm fluorescence 
reading as a normalization factor. 

The magnitude of RQ" depends 
mainly on the quenching efficiency in- 
herent in the specific structure of the 
probe and the purity of the oligonucle- 
otide. Thus, the larger RQ~ values indi- 
cate that probes AM4, Al-19, Al-22, and 
Al-26 probably have reduced quenching 
as compared with Al-7. Still, the degree 
of quenching is sufficient to detect a 
highly significant increase in reporter 
fluorescence when each of these probes 
is cleaved during PCR. 

To further investigate the ability of 
TAMRA on the 3' end to quench 6-FAM 
on the 5' end, three additional pairs of 
probes were tested in the 5' nuclease 
PCR assay. For each pair, one probe has 
TAMRA attached to an internal nucle- 
otide and the other has TAMRA attached 
to the 3' end nucleotide. The results are 
shown in Table 2. For all three sets, the 
probe with the 3' quencher exhibits a 
ARQ value that is considerably higher 
than for the probe with the internal 
quencher. The RQ" values suggest that 
differences in quenching are not as great 
as those observed with some of the Al 
probes. These results demonstrate that a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiently the 



TABLE 2 Results of 5' Nuclease Assay Comparing Probes with TAMRA Attached to an Internal or 3'-terminal Nucleotide 



518 nm 



582 nm 



Probe 


no temp. 


+ temp. 


no temp. 


+ temp. 


RQ* 


RQ + 


ARQ 


A3-6 

A3-24 


54.6 ± 3.2 
72.1 ± 2.9 


84.8 ± 3.7 
236,5 ± U.l 


116.2 ± 6.4 
84.2 ± 4.0 


115.6 ± 2.5 
90.2 ± 3.8 


0.47 ± 0.02 
0.86 ±0.02 


0.73 ± 0.03 
2.62 ± 0.05 


0.26 ± 0.04 
1.76 ± 0.05 


P27 
P2-27 


82.8 ± 4.4 
113.4 ±6.6 


3&4.0 ± 34.1 
555.4 ± 14.1 


105.1 ± 6.4 
140.7 ±8.5 


120.4 ± 10.2 
118.7 ± 4.8 


0.79 ± 0.02 
0.81 ± 0.01 


3.19 ± 0.16 
4.68 ± 0.10 


2.40 ± 0.16 
3.88 ± 0.10 


PS-10 
P5-28 


77,5 ± 6.5 
64.0 ± 5.2 


244.4 ± 15.9 
333.6 ±12.1 


86.7 ± 4.3 
100,6 ± 6.1 


95.8 ± 6.7 
94.7 ± 6.3 


0.89 ± 0.05 
0.63 ± 0.02 


2.55 ± 0.06 
3.53 ± 0.12 


1.66 ± 0.08 
2.89 ± 0.13 



Reactions containing the indicated probes and calculations were performed as described in Material and Methods and in the legend to Fig. 2. 
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fluorescence of a reporter dye on the 5' 
end. The degree of quenching is suffi- 
cient for this type of oligonucleotide to 
be used as a probe in the 5' nuclease PCR 
assay. 

To test the hypothesis that quenching 
by a 3' TAMRA depends on the flexibility 
of the oligonucleotide, fluorescence was 
measured for probes in the single- 
stranded and double-stranded states. Ta- 
ble 3 reports the fluorescence observed 
at 518 and 582 nm. The relative degree 
of quenching is assessed by calculating 
the RQ ratio. For probes with TAMRA 
6-10 nucleotides from the 5' end, there 
is little difference in the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides. The results 
for piubes with TAMRA at the 3' end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic increase in RQ. We 
propose that this loss of quenching is 
caused by the rigid structure of double- 
stranded DNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there is a marked Mg 2 "*" effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg 2 * concentra- 
tion. With TAMRA attached near the 5' 
end (probe Al-2 or Al-7), the RQ value at 
0 mM Mg 2 * is only slightly higher than 
RQ at 10 mM Mg 2 *. For probes Al-19, 
Al-22, and Al-26, the RQ values at 0 mM 
Mg 2 * are very high, indicating a much 



reduced quenching efficiency. For each 
of these probes, there is a marked de- 
crease in RQ at 1 mM Mg 2 * followed by 
a gradual decline as the Mg 2 * concen- 
tration Increases to 10 mM. Probe Al-14 
shows an intermediate RQ value at 0 mM 
Mg 2 * with a gradual decline at higher 
Mg 2 * concentrations. In a low-salt en- 
vironment with no Mg 2 * present, a sin- 
gle-stranded oligonucleotide would be 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg 2 * ions acts to 
shield the negative charge of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
the 3' end is close to the 5' end. There- 
fore, the observed Mg 2 * effects support 
the notion that quenching of a 5' re- 
porter dye by TAMRA at or near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

DDSOISSDON 

The striking finding of this study is that 
it seems the rhodamine dye TAMRA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein (6-FAM) placed at 
the 5' end. This Implies that a single- 
stranded, double-labeled oligonucle- 
otide must be able to adopt conforma- 
tions where the TAMRA is close to the 5' 
end. It should be noted that the decay of 
6-FAM in the excited state requires a cer- 
tain amount of time. Therefore, what 



TABLE 3 Comparison of Fluorescence Emissions of Single-stranded and 
Double-stranded Fluorogenic Probes 



518 nm 



582 nm 



RQ 



Probe 



ss 



ds 



ds 



ss 



ds 



Al-7 

Al-26 

A3* 

A3-24 

P2-7 

F2-27 

P5-10 

P5-28 



27.75 
43.31 
16.75 
30.05 
35.02 
39.89 
27.34 
33.65 



68.53 
509.38 

62.88 
578.64 

70.13 
320.47 
144.85 
462.29 



61.08 
53.50 
39.33 
67.72 
54.63 
65.10 
61.95 
72.39 



138.18 
93.86 
165.57 
140.25 
121.09 
61.13 
165.54 
104.61 



0.45 
0.81 
0.43 
0.45 
0.64 
0.61 
0.44 
0.46 



0.50 
5.43 
0.38 
3.21 
0.58 
5.25 
0.87 
4.43 



(s&\ Sinsle-stranded. The fluorescence emissions at 518 or 582 nm for solutions containing a final 
concSt^ 10m M Tris-HCl(pH8.3),50mMKCUnd lOniuMgq, 

(ds) Double-stranded. The solutions contained, in addition, 100 nM A1C foi -prate Al-7 and 
5-26 lS ' m A3C for probes A3^ and A3-24, 100 hm P2C for probes P2-7 and P2-27, or 100 DM 
P&Cfor probes P5-10 and P5-28. Before the addition of MgCI* 120 »U of each sample was heated 
at 95^C foi 5 min. Following the addition of 80 pJ of 25 mM MgCl 2 , each sample was allowed to 
cool to loom temperature and the fluorescence emissions were measured. Reported values are 
the average of three determinations. 



matters for quenching is not the average 
distance between 6-FAM and TAMRA 
but, rather, how close TAMRA can get to 
6-FAM during the lifetime of the 6-FAM 
excited state. As long as the decay time of 
the excited state is relatively long com- 
pared with the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
end ( or any other position, can quench 
6-FAM at the 5' end because TAMRA is in 
proximity to 6-FAM often enough to be 
able to accept energy transfer from an 
excited 6-FAM. 

Details of the fluorescence measure- 
ments remain puzzling. For example, Ta- 
ble 3 shows that hybridization of probes 
Al-26, A3-24, and P5-28 to their comple- 
mentary strands not only causes a large 
increase in 6-FAM fluorescence at 518 
nm but also causes a modest increase in 
TAMRA fluorescence at 582 nm, If 
TAMRA Is being excited by energy trans- 
fer from quenched 6-FAM, then loss of 
quenching attributable to hybridization 
should cause a decrease in the fluores- 
cence emission of TAMRA. The fact that 
the fluorescence emission of TAMRA in- 
creases indicates that the situation is 
more complex. For example, we have an- 
ecdotal evidence that the bases off the 
oligonucleotide, especially G, quench 
the fluorescence of both 6-FAM and 
TAMRA to some degree. When double- 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factoT causing the quenching of 
6-FAM in an intact probe is the TAMRA 
dye. Evidence for the importance of 
TAMRA is that 6-FAM fluorescence 
remains relatively unchanged when 
probes labeled only with 6-FAM are used 
in the 5' nuclease PCR assay (data not 
shown). Secondary effectors of fluores- 
cence, both before and after cleavage of 
the probe, need to be explored further. 

Regardless of the physical mecha- 
nism, the relative independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the 5' nuclease 
PCR assay. There are three main factors 
that determine the performance of a 
double-labeled fluorescent probe in the 
5 r nuclease PCR assay. The first factor is 
the degree of quenching observed in the 
intact pTobe. This is characterized by the 
value of RQ* , which is the ratio of re- 
porter to quencher fluorescent emis- 
sions for a no template control PCR. In- 
fluences on the value of RQ" include 
the particular reporter and quencher 
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FIGURE 3 Effect of Mg^concentration on RQ ratio for the Al series of probes. The fluorescence 
emission intensity at 518 and 582 nm was measured foT solutions containing 50 nM probe, 10 mM 
Tris-HQ {pH 8.3), 50 mM KCl, and varying amounts (O-10 mM) of MgCi 2 . Hie calculated RQ 
ratios (sifi nm intensity divided by 582 nm intensity) are plotted vs. MgCI 2 concentration (mM 
Mg). The key (upper right) shows the probes examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the 
probe. The second factor is the efficiency 
of hybridization, which depends on 
probe r m , presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Taq DMA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter arid quencher 
dyes drastically reduce the cleavage off 
probe/ 0 

The rise in RQ" values for the A 1 se- 
ries of probes seems to indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al-26). This is 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ*" values 
is less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ" than the in- 
ternal TAMRA probe. For the P2 pair, 
both probes have about the same RQ" 
value. For the PS probes, the RQ" for the 
3' probe is less than for the internally 
labeled probe. Another factor that may 
explain some of the observed variation is 
that purity affects the RQ" value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ". 

Although there may be a modest ef^ 
feet on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
cleotide reduces the efficiency of cleav- 
age to almost zero. For the A3, P2, and P5 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not increase when the quencher is 
placed closer to the 3' end. This illus- 



trates the importance of being able to 
use probes with a quencher on the 3' 
end in the 5' nuclease PCR assay. In this 
assay, an increase in the intensity of re- 
porter fluorescence is observed only 
when the probe is cleaved between the 
reporter and quencher dyes. By placing 
the reporter and quencher dyes on the 
opposite ends of an oligonucleotide 
probe, any cleavage that occurs will be 
detected. When the quencher is attached 
to an internal nucleotide, sometimes the 
probe works well (Al-7) and other times 
not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe is being cleaved 3' to 
the quencher rather than between the 
reporter and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCR prod- 
uct in the 5' nuclease PCR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms of hybridization efficiency. The 
presence of a quencher attached to an 
internal nucleotide might be expected to 
disrupt base-pairing and reduce the T m 
of a probe. In fact, a 2°C-3°C reduction 
in T m has been observed for two probes 
with internally attached TAMRAs. w This 
disruptive effect would be minimized by 
placing the quencher at the 3' end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This, tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-amplified products 
from samples of different species. Also, it 
means that cleavage of probe during PCR 
is less sensitive to alterations in an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. Lee 
et al. (1> demonstrated that allele-spedfic 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AFS08 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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the 5' end and were designed so that any 
mismatches were between the reporter 
and quencher. Increasing the distance 
between reporter and quencher would 
lessen the disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect target. Thus, probes 
with a quencher attached to an internal 
nucleotide may still be useful for allelic 
discrimination. 

In this study loss of quenching upon 
hybridization was used to show that 
quenching by a 3' TAMRA is dependent 
on the flexibility of a single-stranded oli- 
gonucleotide. The increase in reporter 
fluorescence intensity, though, could 
also be used to determine whether hy- 
bridization has occurred or not. Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite ends 
should also be useful as hybridization 
probes. The ability to detect hybridiza- 
tion in Teal time means that these probes 
could be used to measure hybridization 
kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid- 
ization assays for diagnostics or other ap- 
plications. Bagwell et al. <l0) describe Just 
this type of homogeneous assay where 
hybridization of a probe causes an In- 
crease in fluorescence caused by a loss of 
quenching. However, they utilized a 
complex probe design that requires add- 
ing nucleotides to both ends of the 
probe sequence to form two imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide and a quencher dye to the other 
end generates a fluorogenic probe that 
can detect hybridization or PGR amplifi- 
cation. 
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accumulation through a duaHaM ' 
SI IS? .Sraic and less labor-intensive than currenc qunmain* PCR methods. . 



Quantitative nucleic acid sequence analysis lias 
had an important nilfe In many fields of biologi- 
cal research. Mcasuicinent of gen* expression 
(RNA) has be.«n used extensively In monitoring 
biological responses to various slimuli Clan ct al, 
1991; Huang et al. 1995;U>; Prud'hoinme t?t al. 
1995). Quantitative analysis (DNA) has 
ixt-rt used Ui d«it:rmirtc the gemmu? M uantity of a 
particular gene, as in the case, at the human HKR2 
gene, which Is amplified in -30% of breast tu- 
mors (Slarnon ct al. 1987). Gene and genome 
quantitation (PNA and UNA) also have been used 
for analysis of human inuntinodcficicncy virus 
(iilV) buTden demonstrating changes in the lev- 
els of virus tlwoughoui the different phases of the 
disease (Connor et al. 1993; Plata* ct al. 3 vv:sb; 
1'urtado et ai. 1995). 

Many methods have been described for the 
quantitative analysis of nucleic acid sequences 
(both for RNA and DNA; Southern VJfb; Sharp et 
al. 1980; Thomas 1980). Recently, PCX has 
proven to be a powerful tool for quantitative 
nucleic acid analysis. PCJR and reverse transcrip- 
tase (RT)-PC".R have permitted the analysis of 
minimal starting quantities of nucleic acid {as 
little as one cell equivalent). This has mode i>os- 
sihlc many experiments lhat could not hove, been 
performed with traditional methods. Although 
PCJR has provided a powerful tool, it is imperative 



t n P/h 



that It be used properly for quantitation 
mwkw W5), Many early reporti of qualita- 
tive I'CR and IV1-PCB described quantitation oC 
the VCR product but did not measure the Initial 
target sequence-, quantity. It !■ essential to design 
nnnxr; controls for the quantitation of the initial 
lorgvt sequences (Fc'rrc 1992; Clementl ct al. 

Kcs*-(irch«s have, developed several methods 
of quantitative PCR and RT-1'CR. One approach 
measures I»CR product quantity in the log phase 
of the reaction before the plateau (Kellogg et al. 
1000; Vang ct al. iW This method requires 
Dial each sample has equal Input amounts of 
. nudeir add and that each sonnflc under analysis 
amplifies with klent ictl efficiency up to the. point 
of quantitative analysis. A gene sequence (row- 
tallied in all samples at relatively constant quan- 
tilJ**, such as p-aclln) tan be usad for sample- 
amplification e.rticlcncy normalization. Using 
conventional methods of TCft detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples nre analyzed during the log phase 
of the reaction (for bolh the target gene and the 
normalization gene). AnotHer method, quantita- 
tive competitive (Or.)"!**, has been developed 
and is used widely for PCR quantitation. Q(.-1'CR 
relics on the inclusion of an internal control 
.competitor h) each reaction (Becker-Andre 1991; 
llatak el al. 1 W3.,l»>.- The e/0d««y of each re- 
action is normalised to the Internal tonyetila. 
a im«wn a „,„uol of internal competitor <»n be 

yncH no) «*« wj rc:»t rnn7/cn/7T 
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added to each sample. To obtain relative 
ration, the unknown target PGR product is com- 
pared with the known competitor VCM product, 
.Success of a quantitative competitive* PCtt assay 
relies on aevcioping an Internal control Llical am- 
pi i fir* Willi UK same efficiency as tliv WHgel mol- 
ecule. Tile design of The compel J toi «ud the vali- 
dation of amplification efficiencies jequire a 
dedicated effort. Huvrevw, because QCM'CR does 
not require that PGR products be analyzed during 
the log phase of the. amplification, it is the cosier 
of thr. two methods to use. 

Severn! detection system* uie used for quan 
Utative 1*CR and RT-UOU analysis! (1) agarose 
gels, (2) fluorescent lauelluK of PGR products and 
detection with In.MTT-iiuhicr.d fluorcacvncc using 
capillary electrophoresis (Fasco el aJ. 1995; Wil- 
liams ei al. 1 996) or acrylaniide gclst, nnd (3) phtttr 
capture and sandwich probe hybridization (Mul- 
der el al. 1994). Although these method* jm>vrd 
successful, each method requires post-l'CR ma- 
nipulations that add time to the analysis ami 
may lead to hiuu'utuiy i on luminal ion. The 
sample throughput of lliwc inrlhodN \> limited 
(wilji the exception of the plate capture ap- 
proach)- and, therefore, these mcthocU. ore not 
w^ll >uited fi »j u.io demanding high sojnplc 
Throughput (I.e., screening of targe mu ubcrs of 

ljluiuwl«n.ulc:t wi ji v.l/i^ Samples foi dia&nua* 
tic* or clinical trials); 

Merc we report the development of « novel 
assay for quantitative ON A analysis. The away is 
Iwscd on the use. 'of ihe nuclease assay ft rat 
described by Holland et al. (1991;. The method 
uses the 5' nuclc^.K*. aciiviiy of 7Vu/ polymerase to 
cleave a non extendible, hybridization probe dur- 
ing t^e extension phase of VCU. The approach 
uses dxial -labeled fluorogenic hybridist Ion 
probes (Lee et al. 19i>3; Hussler ct al. 1995; l.ivok 
ct ah 199fjo,b). One. fluorescent dye .nvrvc.s as a 
reporter |FAM (i.e., 6-carboxy fluorescein)! and ils 
emission s pec I ra is quenched by the second fl uo- 
rescr.ni dye, TAMRA (i.fc., o-carboxy-ietramtthyl- 
lhodaminc). The nuclease degradation of the hy- 
hrldlxjfttlon probe releases the quenching; of Ihe 
IVVM .fluorescent emission, resulting in an In- 
crease hi peak fluorescent emission at nm. 
The use Of a sequence detector (ADI Prism) allows 
measurement of fluoresce.! it spectra of all t>6 wells 
iif the thermal cycler continuously during the 
J*CK amplification. Therefore, the reuclious aje 
monitored in real liuie. The output daia is de- 
scribed and quantitative analysb of input turret 
UNA sequences 15 discussed below. 



RESULTS 



PGR Product Deroctlon in Rwal Time 

The goal was to develop a high-throughput, sen- 
sitive, and accurate gene quantitation assay for 
use In monitoring lipid mediated therapeutic 
gene delivery. A plasm id «ncoding human factor 
Vlll gene sequence, p!<8TM (««t Methods), was 
used a& a model therapeutic gene. assf, y usr * 
fluorescent Taqinan methodology and an instru- 
ment capable of measuring fluorescence in real 
time (AM I'rism 77(H) Sequence Detector). Th« 
Taqmao reaction requires a hybridisation jirnhr 
lalxdcd witli two different fluorescent dyes. One 
dye 1* a reporter dyv (I'AM), ihe other ix quench- 
ing dye (TAMRA). When the proU: 1a Inlacl, fluo- 
icsccnt energy transfer occurs and the reporter 
dye fluorescent emission is ubsorbed by the 
qucnclilnjsj dye (TAMRA). During the extension 
phase of the PCK cycle, the fluorescent Ijyhrid- 
iKAtion firoi>c Is cleaved by tlie S'-3' nucicolytic 
activity of the ONA polymerase. On cleavage of 
the probe, the reporter dye emission is no longer 
transferred efficiently to the qucnchiiiK dye, re 
sultiMK * u 6111 Increase of the report or dyu fluores- 
cent vmijwlon dpeetro. VCR primers ui»d probuN 
VYen,' dc^i^ninl foi the human fiietor Vlll se- 
quence and human p-actln gene (a* di-..icribed in 
Methods). Optimization reactions were per- 
formed i'o choose the appropriate probe und 
magnesium conccnuatiom yielding the hiKbest 
InieiLsily of rej>orter fluorescent signal without 
auvilfS.cjiis specificity. The Instrument ur.es a 
chftrKv-couplcd device (i.t\, CCD cmneni) for 
meas\irinj5 the fluorescent emission apeetm from 
S0O to C,$0 nm. Mach VCAX tube was monitored 
sequentially for 2/> m.s«e whh continuous moni- 
toring throughout tlit: omplifieiitipii. liach tube 
wo.n rr.-cxanilncd every tt.5 ace. Computer sofi- 
ware. was designed to cxamijic the fluorescent In- 
tensity of both the reporter dye (l-AW).and 
the quenching dye (TAMRA). The U»«rc.sc.ent 
intensity of the quenching dye, TAMRA, changes 
very little over the course of the PCfc amplifi* 
cation (data not shown). Therefore, the intensity 
of TAMRA dye emission serves hs an internal 
nlondurd with which to nomiuUyo the reporter 
ilyi: (l : Arvl) emission variations. The ao/lwarc ctil- 
euloles ii vdlue te.rmcd ARn (or AftQ) using the. 
following equation; ARn - (Rn J ) where 
Un 4 emission isjiejishy \>t reporter/emission in- 
tensity of quencher at any given lime In o reac 
rlon lube, and Ro " emission intemility of re- 
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ponci/0mlWiO7) Imexuily »f quciwlwr mco.surcd 
prior 10 TCH amplUicaliou in lhat same reaction 
tube. J ; or the purpose of quantitation, the Usi 
three data points (AR»$) collected during The ex- 
tension step for each PCK cych- were analyzed- 
The nucleolyiic dcgraclotiim of the JiyuiiOi^iion. 
probe occurs during ihe extension phase or rut, 
and, therefore, reporter fluorescent cimsaiun in- 
creases during ililss lime. 'J in: Unec data points 
were averaged for eacJi Klk cycle and the menu 
value for each was pioned in an "ainpllHcation 
plot" shown in J'lfjurc 3 A. The AKn mean value 1* 
plotted on the )»axJs, and time, represented by 
cycle number, is plotted on (hv A-axis. During the 
early cycUw of Ihe VCll amplification, the ARn 



value remains at base line When sufficient hy- 
bridist Inn probe has been cleaved by the Tmj 
ix>lymen>sc nudcAfie activity, the inlciisiiy of ro- 
porU-r fluwrwccfti emission inerea*et.. Most l>CU 
uinplifiudjoni; reach » plaicoo phono ftf reporter 
fJuoreHv.iil emission if the reaction Is carried mil 
10 high cycle isujiiIm;!*. The ampliRraiion plot 1* 
examined vuily in lh* reaction, ut a point lhat 
■ (.-presents ihf l*>ff phase of producl arrumula* 
tion. This is done by assigning an aibiUaiy 
threshold thai is bu»cd on the variability of the 
baseline dwU. In Vig\m\ 1 A, the threshold was sol 
ul )0 standard deviations above the mean of 
haw lino emission ^calculated from eyiilch 1 lo 1 S. 
Once the threshold is chosen, the point at which 
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Figure 1 PC.R product detection in real time (*) The Model 7700 ^Uware will eorwiiuct ™P^^J*£ 
from the extension phase fluorescent emission dat£ 
viation is determined 1rom the data points collected 



(A) The Model 7700 ^Uware win cons»ru<-i «m K »»^"'-'r""- 
data collected during the PCR amplification. The standard de- 
viation is determ-nec ««- ««1 from the base line of the «^^J^ Q ^ £ 

r-Tiru Ited bv determining the point at which the fluorescence exceeds a threshold limit 
si andard deviation of "he base line). (B) Overlay ot ,mpllfle.tion plots of serially (1:2) 

Sna SiS amplified with p-octin primers. (Q Jnpul DNA concentration of Ihe samples plotted versus Cr- Ail 
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the amplification plot crosses the thrcjihold ivclc 
fined as C,-. C r is reported an ihe cycle number sit 
this point. Afi will be demonstrated, the Cl ( .valor 
In picdicUve of ihc quantity of input tin-get. 

Cj Values Provide a Quantltadve Measurement, of 
Input Targer Sequences 

Figure 1R shows amplification plots of 3£vdiTfcw. 
e^l TCR ajnpllficatiorvs overlaid. The amplica- 
tions wore performed on a 3:2 serial dilution 
human genomic DNA. 'l"hc amplified target vv:u 
human p nctln. The amplification j^lotK shift to 
the right (to higher threshold cycles) a* the input 
target quantity is reduced, 'JT>ifi is oxpoctod ht». 
came* nmetloriK with fewer starting copies nf the 
larget molecule require greater amplification to 
degrade enough probe to attain the Threshold 
fluorescence. An arbitrary threshold of JO stan- 
dard deviations above the base line was used to 
determine tire O r values. Figure 1C represents the 
Cly values plotted versus (he sample dilution 
value, Each dilution was amplified in triplicate 
PCR amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C r values decrease linearly wjth Increas- 
ing target quantity, Thus, G|> values can be used 
as a quantitative measurement of the input target 
number. It should be noied that the amplifica- 
tion plol for the 15.6*ng sample shown In Figure 
IB does not reflect the same fluorescent rate of 
Increase exhibited by most of the other samples. 
The 15.6-ng sample also achieves cndpoini pla- 
teau at a lower fluorescent value than would he 
expected based on the input DNA. This phenorri. 
enon has been observed, occasionally with other 
samples (data not shown) and may be attribut- 
able to late, cycle inhibition; this hypothesis is 
sU13 under investigation. It is important to note 
that the flattened slope and early plateau do not 
impact significantly the calculated O, value us 
demonstrated by the fll on Die line shown in 
Figure 1 C. A1J triplicate amplifications resulted in 
very similar Q- values— the standard deviation 
did not exceed 0.5 for any dilution. This experi- 
ment contains a > 1 00,000-fold range of input tar- 
get molecules. Using Cy values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
.quantitation. The linear range. ol lluoresccnl in- 
tensity measurement of the Alii Frlsm 7700 Se- 

anurvi 



kiai iimi OUANiiunvi k;r 

moots over a very large ^iijjc nf rflalivr* ciart Ing' 
taryoi quantities. 

Sample preparation Validation 

Several parameters influence the efUclenry nf 
PC".R amplification: magnesium and sail conceiv 
nations, reaction conditions {i.e., time and tem- 
perature)/ FCH target size and composition, 
primer sequences, and sample purity. Ail of The 
.above factors are common to a single VCR assay, 
except sample to sample purity, in an effort to 
validate the. method of sample preparation for 
the iactor Vill assay, FCK amplification reproduce 
ibility and oiflclency oi 30 replicate sample 
pre] >a rations were examined. After genomic DNA 
wa.\ prepared from the 10 replicate samples, the 
DNA was qunntUatcd by ultraviolet spectroscopy. 
Amplifications were performed analyzing p-aciln 
gem: content in 100 and 25 ng of total genomic 
DNA. liach FCK amplification was performed in 
triplicate. Comparison of C r values for each trip. 
Hcate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Tabic 1). l*herefore, each ol the triplicate PCR 
amplifications was highly reproducible, demon- 
strating that real time FCK using this instrumen- 
tation introduces minimal variation into the 
quantitative FCK analysis. OmipaHson of the 
mean values of the 10 replicate sample prcpa- . 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for f-l-aclln gene quantity. The highest (> 
difference between any of rhe samples was 0.85 
and 0.7] for the 100 and 25 ng samples, respec- 
tively. Additionally, the amplification of each 
sample exhibited an equivalent rate of fluores- 
cent emission intensity change per amount of 
DNA target analyzed as indicated by similar 
slopes derived from the sample, dilutions (Fig. 2). 
Any sample containing an excess of a FCK inhibi- 
tor would exhibit a greater measured (3-aciin O r 
value for a given quantity of DNA. In addition, 
ihc inhibitor would be diluted along with the 
sample in the dilution analysis (Rg, 2), altering 
the expected C,. value change. F.ac;h .sample am- 
pJJficaiion yielded a similar result in the analysis, 
demonstrating that this method of sample prepa- 
ration is highly reproducible. wI1h regard to 
sample purity. 

Ouantitarive Analvsis of a Plasmtd After 

7ocr no/ «frfi W4 «c:frT 7nn7/cn/7T 
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Table 1. Reproducibility of S«mpU> Preparation Method 



1 

2 
3 

A 
5 



7 
8 
9 
10 

Mean 



100 ng 



25 ng 



Samplo 

no. C T 



standard 
mean deviation 



CV 



18.24 

18.23 

18,33 

18.33 

18.35 

1fM4 

18.3 

18.3 

1*M2 

18.15 

18.23 

18.32 

T8.4 

18.38 

18.46 

18.54 

18.67 

19 

18.2B 

18.36 

18^2 

18.43 

18.7 

18.73 

18.18 

18.34 

16.26 

18.42. 

18.57 

1 8.66 

(1 10) 



13.27 0.06 



0.06 



18.34 
18.23 



0.07 



0.08 



1 8.42 0.04 



18.74 0.24 



18.39 0.12 



18.63 0.16 



18.29 0.1 



18.55 
18.42 



0.12 
0.17 



0.32 

032 

0.36 

0.46 

0.23 

1.26 

0.66 

0.83 

0..M 

0.65 
0.90 



20.46 

20.55 

20.5 

20.61 

20.59 

70.41 

20.54 

20.6 

20.49 

20.48 

20.44 

20.38 

20.68 , 

20.87 

20,63 

21,09 

21,04 

21.04 

20.67 

20,73 

20.65 

20,96 

20.84 

20.75 

20.46 

20.54 

20.48 

20.79 

20.78 

20.62 



mean 



20.51 



70.54 



20.54 



20.43 



21.06 

20.68 

20.86 

20.51 

20.73 
20.66 



standard 
deviation 



0.03 
0.11 
0.06 
0.05 



20.73 0.13 



0.03 
0.04 

0.12 

0.07 

0,1 
0.19 



cv 

0.17 

0.54 

0,28 

0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

0.46 
0,94 



(or containing a partial cDNA for human factor 
VIII, pi ; 8TM- A scries of transfections was sot 
up using a decreasing amount of the plasmid\40, 
4, 0.5, and O.I txg). TwKiiiy-rour hours po.sl- 
trtjn.nfci tlon, total H)NA was purified from each 
flask uf eells, p~Aclin ^cne Ljuantily was chosen as 
it value for normfili^t inn of Kejiomii'. DNA con- 
centration from cadi sample. In this cxuesinivnt, . 
(4-actin .rciic content should remain constant 
relative to roral genomic DNA. Figured shows the 
result of the p-actln DNA measurement (100 ng 
total DMA determined by ultraviolet spectros- 
copy) Of -each wiujple. Kach sample was analysed 
in triplicate and the mean p-actin C|- values of 
the triplicates were, plotted (error bars represent 

^* r**j»»l«rri fiwiaiioni I h#» htPhpftt iiiffrrrnrr 



between any iwo samplo moan* was 0.*»5 C,- 'Jen 
nanograms of total DNA of each sample were also 
examined for 0-actln. Ilic results ofluju >hi>wed 
that very similar amounts of genomic 1>NA were 
present; "the maximum mean p actio <";, value 
difference w&.s 1.0. A3 figure 3 shows, the rate of 
P-actin C r uIiumkv Ixrlwecn the 100 arad.lO-ng 
sajnplci was slhiUur (slope value* r;wg« fcutwocrn 
3.56 (inj -3.45). TW» verifies again that the 
method of .sample preparation yields saynplos of 
identical PCR integrity (>.<•-, no sample contained 
an excessive ainounl of a ?CR inhibitor). How* 
ever, these results indicate, that each sample con 
tatned slight diffeienc.es in the actual amount of 
genomic ON A analysed. Determination of actual 
wunomie* l)NA concentration was nceompu&hcd 
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Figure 2 Sample preparation purity. The replies to 
camples shown In Table 1 wore also amplified .In 
tripicate vising 25 119 of each DNA sample. The fig- 
uifc shows die input DNA conccntrnlion (100 arid 
25 ng) vs. C, In ih#* figur*. in** lf> n and ng 
poloU for «ach sample are connected by a line. 



by plotting the mean £-actin Cj value obtained 
for i-at:h ItKMig saniplv on a fUactln standard 
imive (shown in Wg. 40). actual genomic 

ONA concentration of coch sirmpl*:, a, was ob 
talncd by extrapolation to tin- x-ukU. 

Figure 4 A shows the incasurcd noiV 
normalised) qumilitics of factor VI) J pln.mnul 
ONA (pJ*8TM) from each' of the four transient cell 
tr»n*fectionft. Each reaction contained 100 ng of 
total sample DNA (as determined by UV spectros- 
copy)- l ! ACh sample w;i.s iiwalyzid in triplicate 



2& 



21 



20 



< 



ppflTM tfansiboto d 



o.a 




I 

1.0 



1.4 1-S 
log (r>9 Input DNA) 

Figure 3 Analysis of tmnsiectcd cdl DNA quonllty 
and purity. I he DNA preparations of the four 293 
cell transactions (40, A, 0.5, and 0,1 iacj of pF8TM) 
were analy7ed for the 3-actln gene. 100 and 10 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM thai was transfected, the {5-aciln 
C 7 values are plotted versus the total Input DNA 



1>C:U srinpllfScatiun*. As shown, pI'BTM purified 
,func Jhc 293 cells decreases (mean G, values in- 
cur.t*t*; with decreasing amounts of plasmld 
.irutisii'Ucd- Th« mean C x values obtained for 
pFbTW in TlgufC 4A wore plotted on a standard 
curve comprised uf sci tally diluted pKKTM, 
shown .in figure 4ft. The quantity uJ pl-XXM, h, 
found in each of the four ironsfoctlonR was de. 
tcrmined by extrapolation to tho x axle of tho 
standard curve In 1'igure 4H. Thcac uncorrected 
values, b, for pttrnvi wen? normall^d 10 deter- 
mine the actual amount of pl'81M fuund por 100 
rig of genomic DNA by using Ihc equation:. 

/> X TOO rig ucinal pl"BTM copies oer 
r 1()0 ng of genomic DNA 

where a actual - genomic ONA in a .sample and 
fc^pPHTM copies from the standard curve. The 
noimalir-cd ^uanUty of pl'BTM per 100 ng of ge- 
nomic ONA for each vS the four transections Is 
xhown In Hgure A)K 'Hicwt: rr^utl* Miow mat the 
quantity of factor Vlll plasmtd associated wiih 
the 293 cells, 24 lir after tr«nsfv:e.ii*iM, Ui:i.n:.isc* 
with decreasing pJwiiiuuJ unu.wnuaUoii u.sed In 
ttkv tfanafcctioiu The quantity of pl'«'i'M nssoeJ- 
atcu wnn 293 eelb, after transfectlon with 40 
t>f pi;iKinid, was 35 pgper 100 ng gvmoinle DNA, 
Tliis results in -520 plasiuid copies per cell. 



DfSCUSSION 

We have described a new method for quontitnt- 
iug gene copy numbers using real-time analysts 
of PCK amplifications. Real-time PCK is compat- 
ible with cither of the two PGR (KT-PCR) ap- 
proadio: (1) quantitative comficthivt where an 
interna) competitor for each target .sequence iy 
tiscd for noimaliKQiJon (data not shown) or (2) 
quantitative comparative PCK using h uoiin«t liga- 
tion gene contained within the sample (i.e., p-nc- 
tin) cu a "housekeeping" gent*, for RT-PCK, Ff 
e.qual amounts of nucleic acid are anaiy/ed for 
e.acn sample and if the amplification cffiiir.m-.y 
before quantitative analysis i> identical for each 
sample, the Internal con hoi (nuj-maliraiiou gvne 
or competitor) should ftlvc equ«d signals for aIJ 
samples. 

The real-time PCK method offers several ad- 
vantages over tlic other two methods currently 
employed (see the Introduction). First, the real- 
time PCR method is performed in a doscd-tubc 
system and requires* no post-PCR manipulation 
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JPIgurn 4 Quantitative analysix of pFSTM in transfcctcd cells. (A) Amount of 
plasmtd DIVA used for I he trunsfectlon plotted against the hhjum C, value deter- 
mined for prfiTM remaining 2>t Hr after transection. (B,C) Standard curvn* of 
pPATM and respectively. pf8TM DNA (0) and genomic. ONA (Q were 

diluted iArldlly 1:5 before amplification with the oppropnnlc primers. The p-actin 
standard curve wav usgd to normalise the results of A to 100 ng of genomic DNA. 
(0) Tho amount of pFSTM present per 100 ng of genomic DNA. 



of sample. Therefore, |h<* potent in) for f*CH con- 
tamination in the laboratory is reduced because 
amplified product* can he analysed and disponed 
of without opening the r taction tubes. Second, 
this method suppOiU the um? of a tionn;i ligation 
flcne (i.e., P-actm) for quantitative PGR or house- 
keeping genes for quantitative RT-l'CK controls. 
Analysis is performed in real time during the Jog 
phase of product accumulation. Analysis during 
)uk phase permits many different genes Cover a 
wide input target range) to be analyzed simulta- 
neously, without concern of reaching reaction 
plateau at different cycles. This will liiukc uiuIU- 
gc.n<r. analysis assays much ca.Me.i lu develop, be- 
cnuae individual internal. i.ompeUiui* will not be 
needed for each gene under analysis. Third, 
Ad m pic throughput will ijiued.se diumaliiaJly 
wilh the new method because, theve is no post- 
PCK processing time. Additionally, woiking lii a 
^6- well format h highly compatible with auto* 
million technology. 

The real-time PCR method is highly repro- 
ducible. Replicate, amplifications can be analyzed 

O T C\ Frh 



for f*ach sample minimising j>otcntt«l error. The. 
.system allow* for a very large assay dynamic 
run go (appmae.hmg 1,000,000 -fold Marling tin- 
get). Ualtig u Mandard curve for the. target oi in- 
terest; relative copy number values can be clclcr- 
mincd for any unkauwji ^mulc. Fluorescein 
threshold values, O p coneJair. linearly with rela- 
tive DNA copy numbers. Heal time quantitative 
KT»*I'CJ]< methodology (O'lbsoji et al., this Issue-) 
ha.s also been developed, finally, real Uoit quan- 
titative 1'CU methodology can be used lu develop 
high-throughput screening assays for a variety of 
applications [quantitative gene caj>j vs>&iuii (KT- 
PCM) i gene copy nanays (Itcrfc, I11V, etc.), t gcnr> 
typing (knockout mouse analysis), and hnmuno- 

renj. 

Real-time PCM may a1»» be j>crformcd using 
intercalating dyes (Higuchi el ul. such as 

ciJiJdium bromide. The fluorogenic probe, 
method offers a major advantage over inter- 
calating dyes- greater specificity (i.e., primer 
dlmvrs and nonsperJflc PCM products are. not de.- 
t cried). 
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METHODS 

Generation of «i Piasmld Containing a Partial 
cDNA for Human Factor Ylll 

Total RNA w«a hurvcMcd (ttNA*ol IMnmi T<*l Test, inc., 
hrK'idftWOOd, TX) from w)l> l»-iufccled with a fnetur VI U 
c-KMNaduii vector, pClSZ-tk?.*!* {VAiun vl »L WH6j Cor. 
man ci al. 1900). A faclor VIII partial cIlNA tpqiHiuv WAS 
K «Mi«mtcd by in* I<:oncAnip !«/ iTth UNA l>r.U Kh 
(pan nbor-mt/s, i'E Applu-o biosystcms, Vomvi Chy, <.;a)J 

u»In$ ihv l»c:u pi-iuiurs PHfor »ml l-Tl/ev <prii»<-r sequence* 
are shown below). Hit- ampUcon was rcanipiinnl OAlnR 
modified Wor and Wrcv.prlmcn (apix-nded with huwin 
and ftiirdU! restriction sire, sequences »t the V end; and 
Clonal Into ptiKM- 32 (Proim^ii CU»rp.. Mudwon, Wl). The 
reSLtlllnK clone, pVSTM, was used l«r transient transfeciJon 
of %M ccJJa, 

Amplification of Target DNA ami Dciucilon of 
Amplicpn Factor VIII Masmid DNA 

(pHSTM) was mnpllflKil wl\li (lie jwlimria IWor 5'-C<;<:- 

cn(i<;(^\Ac»Au:itjAcuicmv3' and p»rcv .v-aaa<:c;t- 

i^OCXrroCaATCiii'rACiCi-.l'.Tlic rvm/lhui nivduevd h 422- 
np K:k prod tic i. 'Die fnrwurd primer wu* debited lu to.' 
ogutsce. a mil que M'lpieme ft nurd In the S' untranslated 
region of lilt* pamil pCI32.{k25i> plaMiihl mid lhi;ief»re 
dues not ivv.-wnnUv: «uid amplify ihv human factor VIII 
gems l*rimnr* woro chosen wtli the avsi*t«mrf of I be oom- 
j>ulcr program Olij;o 4-« (Nuiiiwial hUwcicnccs, lne„ Ply- 
mouth, MN). The human p-actln gene wws amplified with 
the primers f>t«*liti forward primer S'TCACOOACA^TflT 
GCCCATCI'ACOA-.V and fi-actijj reverse piimer V.< '.AC,. 
C0GAACCX;frrCAiT(;(:c^AJ*GG..3'. The reaction pro- 
duces a 2V5 hp rOk product. 

Amplification reactions (SO pJ) contained! a DNA 
sample, )0x PCR Huffiir II (S p.]), 200 p.M dATP, dOTP, 
dGTP, and 400 jim rilJTP, 4 xnu MgCI„ 1.5LS Units Ampll 
Tat) r;NA pojymcwsc, 0,5 unit Ainprjnsc uracil /V-Riy- 
tnuvyluM* <UNG), 50 pmok- of crtch faciei Vlll prlinci, wnd 1S 
ptuoh* < if uut'.li p mc:i In pi liner. The icai-tlwi^ i:unlolncd 
one of the fo Mowing (irjcriiou prolan (I no hm nu-li): 
j'Mj.r^br A7i/AW)Ac:frJYrj , c:ruc(yr<.*(rrn'<:'rrr<:rc , i'. 

GCCTT(TAMRA)v 3' auu* P-ntiiji prvbe 5 r (TAM)AT(JCU:c:- 
XCTAMKA)CC0C:r:ATCCCAT0p-.T where p indlcalcs 
pliosphnrylAiinn nnd X hidlcotcs a linker arm nucleotide. 
Reaction IuIk** wfn- Mic:niAit\p Opiioal Tubes (pari rtUflV 
I.htN)K01 OO.ia, Pcrkln lUnwx) that wore frosted (M IH»rWn 
rimer) to pro-«-ii I lighl from /cflcctliij;. Tube cap» were 
similar MU-roAiitp CSnjis hut S|>cciftlly dctigncd to pre- 
vent light K-fiitlcntig..AII ol lli<* PCU wU#n/»wmiil>U * wcro bu>»- 
pl^a Ivy PK Applied Ltio«y*4eni» <P% »*W-r f!»y, CA) except 
i hp factor VIII primers, wlik'h weir .iy Ml Incized i\t Ccnvn 
lech, Inc. (Smith f**« ■ Prunclsco, CA). Prolwww dc*sl^nt*d 
using the Olifiv ^ software, follcwlns gtiUlflliifs kuk- 

^esien in tnc Model 7700 .Sequence l>vurtor ln,Ki(iujie/il 
manual, hrlcny, probe T m *)jt»uKl he ftl least 5 U C hlftWrr 
mail thr anueullux leiiipv)/»lurc u.ied during tln-rmtjl cy- 
cling; primers should nut fuim sttihlv duplexed with I he 
probe. 

The ihiTiiifll *yrl!iig eondilkn^ Included 2 juIii di 
StTC and 10 ruin al 95"C. nicrmal cycling proceeded with 



reactions were performed in ih<» Model 7700 Sequence IX- 
t«lor (Pt Apphed UlusyKlwuiv), which cim tains a Oeof • 
Amp »*<* :u SyM«rm P«X). Ucsacllon cuuclition« witc pro* 
gmttiuiuU mm MacinltMh V100 (Apple Xl.inM'"^. 

Soma Clara, CA) Jinked dirvtily to the Model WOO .^^ 
epicnev iXileclor* An»ty«l» «f daw w»« alw.i |wrf/»rm»*H on 
thv MNi-inlfrth coinpviter, fV\llnetloii and analyKU software 
wu* dev c |o|Wl M l*K Applied nio«y»tums. 

Tran^fection of Cells with Factor Vlll Construe! 

j:nur T\7S Oasks of 293 cells (ATCC! C:Rh 1S7H), a human 
felol kidney sneipeiifcion cell line, wvrv Brown to 80% con* 
Miieney And tranifceted plKPM. Cell* were grown In thv 
following mcdlA! SCW) HAM0; HI 2 wilhotit GMT, low) 
^Jucoae )XUlK<xN)'s modified Kaglc mwlimu (DMIIM) with* 
out glycine wiUt aodlum bicarbonate, 10% ietal tx»vinc 
serwin, 2 ihm L-glui«ihiiK, and 1% penidlliii-strcpiomy- 
tin. The medio w« cJiPi*b* c<1 30 mln bcfo«' H»e tronsfee 
tion. pPUTM WA ftmounn* of 40, 4, 0S f nnd 0.1 were 
iidiiwi to *\.S ml of n solution containing 0.125 m ClnCI*- 
and 1 X MIW. The four mixtures were left at room ti'it>- 
Fi rvtun< (tn It) mln and 0\«i iKUk-*l Hn ipwl«> U> tl*v; cells, 
'Hie n*t>k> m.-it-.iiit.uUited al 37°C"'and - f « c K* t'*\ f«r 24 hr, 
washed with PUS, fl»d Suspended In PUS. Tht* M'kii« 
jn-rnk^l cclla were divided into »lupjoht und UNA wftd cx- 
tr«<:ted Immediately usins IhvQIAump KUhkI Ki( (QU^en, 
QaaWmTth, <.iA). '>NA wos rJuted Into 200 vl 20 
TrMlCI ul pll «.0. 
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